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Two stage electrostatic precipitators are gidelg,used
for high gfficiency collection of submicron particulates iﬁ
air cleaning applications. A different approach to the
design of such precipitatofs has been proposed, bgéed upon
a concentric cyL;ndrical geametry ccmbined with dielectric
media in the collgction.:egion. This has two m;in advantages
over existing degigng,ip that it; a) allows high collection
efficiency and raliability due to the large collection area
afforded by the dielectric media and the utilization of
collection forces other than just the coulomb force,

b) results in a compact self contained cartridge suitable
for easy replacement.

An expression was derived for the collection
efficiency where instead of the usual migration velocity,

a dimensionless collection parameter was introduced as the
figure of merit for the collection. This, coupled with a
dimensionless geometrical parameter called the specific
collection area, completely specifies the collection
efficiency. While this is shown to be eguivalent to the
traditional expression for collection efficiency, it has the

advantage of being readily extended to include all electrical

iii



and mechanical collection forces. The experimental studies
which were carried out on the concentric gecmetry precipi-
tator showed general agreement with the predicted values
over a broad range of conditions and collecter gecmetries

-
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Since ozone generation is of prime concern in an air
cleaning precipitator, a portion of the study was devoted to
the investigation of the mechanisms affectiag its gener-
ation. As a result, a quantitative expression was found
relating the ozone concentration to the corcna current, the
air flow and a "corona potential function®. In addition,
the effect of wire geometry and wire aging was shown to
have a considerable influence on the ozone generation.

Based upon the results of the study, two prototype
precipitators were designed, built and tested in practical

air cleaning situations.
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CHAPTER I

INTRODUCTICN

1.1 Electrostatic Precipitation

n
(30

The term electrostatic precipitation is used to

kY -

describe the filtration process whereby particles obtain

H

a charge in a gaseous corona discharge and are then
collected on a surface by means of electrical attractive
forces. Although the principles involved in the operation
have been known for several hundred years, their practical
application first occurred about 60 years ago. At present,
electrostatic precipitators are widely used as a preferred
control method in applications requiring very high collect-
jon efficiencies of solid or liquid particles in the size
range below approximately 10 um diameter. The use of pre-
cipitators fall intc two general, but quite different, cat-
egories.

The first, and largest, is the primary collection of
particulates at a source of emission to prevent air pollu-
tion and in some cases to collect valuable by-products.
Generally, the particulate lcadings are very high, the gas

, and great extremes of gas tem-
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perature, particle resistivity etc. are encountered. 1In

this type of application, one stage precipitators are uased

“
i
i
£
3
b




almost universally. Here the charging and collection of the
particles takes place in a single chamber with the same field
that gives rise to the corona discharge also used as the col-

lecting field. Because cf the widespread industrial use of

Yy gh ¢ iciency air cleaning in
a local environment such as a clean room, hospital operating
room, or a home. Here it is desired to produce very clean
air and hence ultra high efficiencies are required. Gener-
ally, the ambient conditions encountered are much less strin-
gent than the previous case ie: the dust loadings are rel-
atively light, the volume of gas cleaned is moderate and gas
temperatures etc. are usually stable. However, an important
limitation to the use of precipitators concerns the ozone
produced by the corona discharge. One stage precipitators
produce dangerous quantities of this noxious gas which pre-
cludes their use in applications where the air is directly
used or contained in an enclosed space. Therefore, in this
situation the so-called twc stage type of precipitator is
used. Here the charging of the particles is accomplished in
a short corona section and the collection takes place in a
static field that does not produce ozone. Comparitively
speaking, much more work has been done on the one-stage units

than the two stage and for this reason it is this latter

sy 18e
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category which is of jinterest here. Therefore, no further
discussion will be made of either large scale industrial

primary cleaning or of the single stage precipitator.

1.2 air Cleaning

The recent increase in the general level of air
pollution, coupled with a greater need for air purity for
health or manufacturing reasons, has greatly stimulated the
construction and use of clean rooms. Moreover, the trend
in the design of air systems for modern buildings etc. has
been to better cleaning of the air, in addition to control-
ling the heat and humidity. The growing problem of allergies
has forced many people to consider the possibility of install-
ing more efficient filters in their furnace systems.

This increased interest in air cleaning raises the
question of whether or not existing filters can be made more
efficient. It is 1mportant to differentiate here between
particle collection efficiency and filter efficiency. The
former is a measure of the ability of a filter to collect
particles, whereas the latter is a measure of the overall
quality of a filter. For instance in determining the effi-

ciency some factors which must be considered are:

(1) Collection efficiency

(2) Pressure drop
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(3) Air flow handled per unit filter volume.
(4) capital and maintenance costs.

(5) Reliability.

In the air cleaning application there are two main
types of filters that are used ie: high efficiency mechan-

jcal filters, consisting of fibrous or granular collectors,

and two-stage electrostatic precipitators.
These two types of filters are characterized by the

following main properties when constructed for maximum

collection efficiency.

Mechanical ﬁi

(1) Relatively high pressure drops per unit volume

of air treated.

(2) Efficiency and pressure 4rop rises with clogging.

(3) Little maintenance required (filters are replaced
when pressure 4rop rises too high.)

(4) BHigh reliability.

(5) Relatively high capital and replacement cost.

(6) Relatively rapid clogging.

Two-Stage Electrostatic Precipitators

(1) Very low pressure 4rops per unit volume of air

(2) Drop in efficiency with dust build-up.



¢3) Automatic or manual cleaning of filter required.

(4)  Prone to unreliability due to power failures or
corona wire breakage.

(5) High capital and maintenance costs.

{6) Ozone generation limits the efficiencies

obtainable.

It can be seen frca these points that the tmo types
of filter have more or less complementary propertzes and as
a result a common configurat;on used in practice 1ncorporates
an electrostatic precxpxtator as a hzgh efficicncg;;refllter
in series with an absolnte type mechanical filt;r f“Thzs
greatly extends the life of the mechanxcal filter thle
ensurrng highest relxability fcr the system by having a
follcw-up to the electrostatic preclpxtator. Th;s belng the
case, t@e quest;on arises as to the feasibility of combining
the tﬁo‘princrgrcs 1nto one fllter to obtain the best
properties of each. To achieve this it would seem obvious
that certain of the less desirable characteristics of each
would set restraints on such a filter. 1In particular it
could be predicted that the ozone generation from the

particle charging process would set an absolute limit on

the device.
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1.3 Note on Units

More so than in most other fields, contributicons to
the literature in the field of electrostatic precipitation
have been made Dby scienticsts and engineers from many spe-
cialties. As a result, the units used have +ended to be
jnconsistent from one author to the next. Moreover, be-
cause the forces involve electrical as well as aerodynamic
terms, the mixing of such systems of units as the e.s.u.
and the English has been quite common. Obviously, there
are some arguments in favour of this since common usage
tends to utilize the special advantages of any particular
system. However, there can be 1ittle argument against
the overall advantages of standardlzlng units and it has
been suggested that serious effort should be made towards
the general adoption of the International System of Units
as recommended by many scientific bodies. Therefore, the
s.I. is used throughout this thesis for all formulae. For
convenience, experimental results are often expressed in
the appropriate sub multlples (eg.) micrometer, liter,
milliampere etc. and where common usage suggests clarifi-

cation, the alternate units are given in brackets.
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CHAPTER 2
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2.1 scope of Investigation

Considering the points raised in the introduction,
a research project was undertaken the results of which
are presented in this thesis. The primary objectives of

the study were to investigate the following:

(1) A new type of concentric geometry two-stage
electrostatic precipitator.
(2) The effect of using dielectric media in the

collectlon region of the precipitator.

(3) The generat;on of ozone, to ensure maximum
collection effxciency per unit of ozone
generated.

(4) The collection efficiency of the precipitator
in the important size range extending from 1

0.15 = 6 um diameter.

Based upon the results of these studies a prototype filter

was designed to have the following characteristics:

(1) Collection efficiency > 99.9% for 0.3 um diameter

particles and larger; combined with moderate

pressure drops.

-



(2) Combined electrostatic and mechanical effects
+to increase reliability.

(3) Easily replaceable cartridge type elements
{these elements couid be disposed of or cleaned
and reused.)

(4) Relatively simple constructi

0

e

b

(5) Low ozone generation i< 3

.Pagc:“o‘e}

(6) Readily adapted to jn-line installations.

It is proposed that the resulting design produces
a unit which has unique advantages for certain classes of

air cleaning applications.

2.1.1 Concentric Geometry Two-Stage Electrostatic
Precipitator

Existing two-stage electrostatic precipitators are
generally modelled on either the duct or cylindrical one-
stage units and two common designs are shown in FIG. 2.1
The first stage, where the coroeona discharge OCCuUIrS, is the
charging section. The second stage, which has a static
field, is the collecting section. For best operation it is
important to ensure that as much of the aerosol as possible
is collected in the second stage ie: if the dust builds up
too rapidly in +he charger it is possible to run into the
problem of back corona which hinders the charging process.

In addition, it has peen found that the ozone generation is

TR TR L g
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0
adversely affected by excessive dust collecting on the .

discharge wire. To reduce the amount deposited in this
first stage it is necessary to increase the gas velocity

as much as peossible while maintaining adequate charging

of the aercscl. On the other hand, for good collect

e
0
()

in the second stage, it is necessary to have both & iarge
collection area available and maximum residence time of
the gas in this collection area. With the straight ©
designs as shown jin FIG. 2.1, it can be seen that the veloc-
ity of the gas in the charging section is approximately the
same as in the collector and hence for given flow, plate
spacing etc. the residence time of the gas in the collectorxr
is a direct function of the length of the unit.

A concentric geometry has been suggested which is

new to electrostatic precipitators and which has some
*
interesting features. The basic design is shown in FIG.

2.2. Here the collection and the charging regions are

bounded by concentric perforated cylinders which are con-
ductors but are insulated from each other. The charging
region consists of a fine wire mounted axially within, but
insulated from, the inner grounded cylinder. A high velt-
age positive polarity gsources is connected to the wire and

the resulting divergent field gives rise to & corona discharge.

*The original idea for this application cf the
concentric geometry is due to Professor 1.I. Inculet
and is the subject of canadian Patent 4989457 filed
May 2, 1967.
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This fills most of the cylinder with & supply of +ve icns,2
hence acting as the charging mechanism for the particles.
By placing a positive or negative polarity potential on the
outer cvlinder, 2 collection field exists in the second
stage.

An advantage of this gecmetry is that the air eni
the charging section with a relatively high velocity as
the particles become charged, and it then expands SuTS rds
and passes radially through the collection region at a
much lower velocity. with the polarities as shown in the
diagram, the electric field tends to repel the particles
against the direction of the average air flow and gives
rise to collection on the soiid portion of the inner cylinder.
Another advantage of this geometry is that the functional

components are self contained in a compact unit which suggests

a cartridge type element which could be replaced as necessary.

2.1.2 Dielectric Media in the Collection Region

It has already been mentioned that the efficiency
of collection in an electrostatic precipitator is a function
of the collection area +hat is available. Therefore, it
should be possible to increase the specific surface in the
collection region by means of an electrified dielectric

medium such as a f£ibrous filter material used for coarser
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air filtration. This can have large surf

and yet because of the electrical collection forces it need
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not be packed as densely as is required when used as & high
efficiency mechanical filter. Hence the pressure drops
should be relatively small.

The use of dielectric collection media in conjunction
with a concentric geometry precipitator as described above
is a new approach and the investigation and application of g'Z'

*
this is a primary concern of the present study.

2,1.3 oOzone Generatxon

Ozone, which zs one of the most powerful oxidants

known, is very toxic to hunans and anxmals, oanses serious
damage to plant life, and produces deterxorat;on in many
materials. It has been recoqnized for many years that an
important limitation to achleving peak collectlon efficien-
cies in electrostatic precipxtators occurs because of the
necessity to limit the ozone which forms as a result of the
corona discharge. The allowable ozone concentratlon limits
the amount of corona current and hence the charge Whlch can
be imparted to the partlcles.** Therefore, in any electro-
static precipitator which is designed for use in an appli-

cation where the presence of ozone may be deleterious, the '

ozone generation must be regarded as an important design

*This development is the subject of a joint patent by
professor I.I. Inculet and G.5.P. castle: Canadian Patent
901258 filed May 24, 1967.

**american and British industrial standards (1) specify
a maximum exposure for humans of 10 P.P. H.M. by volume for

an eight hour day. For continuous exXposure, such as could

occur if a filter was used in a home, this 1eve1 would have
to be reduced by a considerable factor.
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factor. For this reason, coupled with the lack of quanti-
tative information on +he ozone formation in precipitators,

a porticn of this work was spent investigating this pheno-
g g P

2.1.4 Importance of the Particle Size Range of the Oréexr
of One Micrometer

In discussing any air filtration problem it is very
important to define the range of particle sizes which are
of iméértance since the forces which predominate in any
particular size range vary considerably. The region of
interest here extends from 0.15 um ~* 6.0 um diameter and
ijs of particular interest from many points of view.

The first is that this range includes a transition
region where the mechanical collection forces which can act
on the particles shifts in importance from a Brownian
diffusional mechanism to that of interception and impaction.

Secondly, this size range includes particles whose
size is of the same order as the mean free path of air mole-
cules at S.T.P. Hence special attention must be paid to
particle slippage between molecules in calculating the effect
of any external forces. In addition, this factor is important

in the mechanisms affecting the charging of the particles in

Thirdly, the particles found in this range are

extremely important from the point of view of human_health
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since it includes the sizes which have maximum penetration
and retention in the iungs. Moreover, the majority of
pacteria are found to have diameters falling in this range
and in many instances their collection can be of great

ortance. {viruses on the other hand are much smaller

;

but are often found in conjunction with particulate matter
in this size range.)

Finally, because these small particles have very
high specific surfaces, they give rise to a major part of
the severe discoloration and staining caused by aerosol

deposition on walls, ceilings, etc.
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3.1 Summary of Previous Work

3.1.1 General

Penﬂ§ (2) in 1937 was the first worker to demonstrate
the practicability and to show the advantages of using
separate charging and collecting regions for electrostatic
precipitators. As mentioned in.section 1.1 this enabled
the ozone generation to be kept to tolerable limits and
hence allowed precipitators to be used in air conditioning
applications for the first time. Penﬂ& pointed out that the
jonization process DY its nature reguires a non-uniform
electric field whereas he felt that most efficient collect-
ion demanded a uniformly high field in the collection region.
The collecting surfaces consisted of smooth plates and were
placed as close together as possible to maximize the col-
ljection area available. Since Penny's original work,
although some improvements have been made in the technology
of precipitators, very little basic change in his original

concept has occurred.

-

¥
o)

More or less in parallel with Penny's work, Hans

-
i

1]

(3) in 1930 and later Walton (4) in 1942 demonstrated that

the collection efficiency of fibrous wool filters could be

16
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greatly improved by impregnating the fibers with charged
resin. This increase in efficiency was ascribed to the
superimposed electrostatic attraction forces which acted
on the particles in addition tc the normal mechanical
forces. Since these early demonstrations improvements
have been made in the charged materials to lengthen their
charge retention and, in certain cases: externally applied
fields have been used to provide the electrification.

In spite of the common feature of the two types of
filter ie: they both utilize electrostatic forces, there
had been no reported investigation of the combining of the
two devices into one unit where the particles are charged
as in the electrostatic precipitator and collected on an
electrified filter medium as in the resin wool filter.
However, since the present investigation was started in
1966 two independent references have appeared describing
this concept.

In addition to the technological development of air
filters many workers have made detailed studies of the
basic collection mechanisms affecting particle motion and

collection.

3.1.2 Collection Mechanisms

\0
[V

5

o

Ranz and Wong {1

Ranz and Wong (5) undertook extensive investigation

of the mechanisms of collection of particles impinging on

¢
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elementary collectors. They introduced dimensionless

force ratios which allowed them to develop an approxi-

th

mation m:thod for determining the order of magnitude ©
the efficiency of impaction, even in the most complicated
situations. They discussed the importancse of cons

electrostatic effects in any impaction problem but did

I

not solve the probiem with electrostatic forces included.

Kraemer and Johnstone (1955)

Kraemer and Johnstone (6) have studied the funda-
mental processes by which electrostatic forces promote
the depostion of particles on collecting surfaces. 1In
particular they solved the problem for deposition of
particles on jsolated spherical collectors subject to the
limitation that the air flow moves in fixed trajectories.
Knowing the equaticnslgoverning the air flow and the elec-
srostatic forces, they cbtained computer solutions for
viscous and potential flow conditions and found very good
correlation with experimental results. In addition, they
briefly mentioned the problem for cylindrical collectors.
They suggested, pbut did not pursue, the possibility of
using a type of electrified bed consisting of pairs of

fine insulated wire twisted and distributed randomly.

[ 2

Here relatively smal voltages could be applied to these

wires and high dipoie fields produced.
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Dawkins (1958)

Dawkins (7) continued the work of Xraemer and
Johnstone and solved the problem for the depositicn on
jsolated cylindrical collectors. He also carried out
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glass fiber filters. Good agreement was found between
the experimental »~oenl+ts on the single cylinders and the
theoretical predictions. However no attempt was made to

extend it to the case of the multiple collectors.

3.1.3 Filters with Electrified Media

Gillespie (1955)

Gillespie (8) developed a theory encompassing
the mechanical and electrical collection parameters in
a fibrous filter. He approached the problem from the
mechanical viewpoint ard provided additional electrical

terms to account for the increase in efficiency.

gsilverman et al (1956)

These authors (9) studied the feasibility of
mechanically chaxging fabric filters and reported a doubling
of collection efficiency at no increase in air resistance.
Although this work provided some useful approaches;, their

results show that the use of mechanical charging in prac-

|-

tical units appears to be inferior to externally applied

electric fields.

PO T T O ARt Yo POL NPT I

- Mg

il

i
F
S
3
H
H
¥
3
3
H
T




20

Thomas and woodfin (1858)

They describe (10) an neiectrified fibrous air
£ilter" which consisted of fibreglass filter media packed
netween electrified plates. ©NO attempt was made to pre-
charge the aerosocl but experiments carried out with cigar-
ette smoke showed considerable improvement in the collec-
tion efficiency when 2 field was applied across the media.
They d4id not discuss the mechanisms causing the improvement
but did suggest that the effect is synergistic with the
overall efficiency being greater than that expected from

each effect considered separately.

HavliZek (1961)

HavliZ%ek (11) considered the effect of a super-
imposed electric field on the efficiency of fibrous filters.
He pointed out the advantage of having the air flow and
field direction parallel. However, he did not consider
the fact that residual charge may exist on particles Or
that they could be precharged. He has given a detailed
analysis of the field distribution within a bed of cylin-

drical fikres.

Rivers (1962)

Rivers (12} described a commercially available

non-ionizing type of electrostatic air filter. The col-

jector consisted of 2 pleated glass fipre filter medium
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with a pr;nted conductive grid serving as electrodes.

The importance of the high electr1ca1 resistIV1ty and

jow moisture absorption of the medlum was emphas1zed as

a necessity for maintaining high eff1cienc1es. He pointed
ocut that since no adequate theory existed for iandom £ibre
filters without electrostatic fields, the problem with
electrostatic fields present is even more éompl;cated. He
attempted an analysis pbased upon the migratlon‘veloclty
approach as used in electrostatic preclpztatxon but the

results showed very large discrepancies with the experi-

mental results.

Lundgren and Whitby (1965)

Lundgren and Whitby (13) have studied the effect
of particle charge on the collection efficiency of fibrous
filters and have shown that the image force alone can be
very important in certain conditions. They derived an
equivalent single fiber collecticn efficiency and showed
that a functional relationship exists between it and a

dimensionless image force-drag force parameter.

3.1.4 Two Stage Electrostatic precipitation with

nlectrlfled Collection Media

Mazumder and Thomas (1967)

Mazumder and Thomas (i4é
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in the collection efficiencies of filter beds composed of

granular collectors in both the packed and fluidized state.

They used spherical collectors and discussed the various

mechanical and eliectrical

Hh

orces which affect collection
when charges exist on the particles and/or the coliectors.
The authors pointed out that the difficulties experienced

in any analytical prediction of collection efficiency becane
prohibitive due to interference and inertial effects. They
have suggested an exponential relation in terms of a total

target efficiency but do not express it quantitativel’.

Carrier nplectronic Air Cleaner"” (1966)

A commercially available unit (15) is described which
consists of a charging section followed by an acrylic
collecting mesh sandwiched between screen electrodes.
Reference is descriptive only with no quantitative discussion

of performance OT operating principles.

3.2 Introduction to Background Theory

Existing theories of electrostatic precipitation are
primarily modelled on single-stage duct or tubular geometries
having continuous charging. These analyses can pe readily
extended to two-stage units provided the shape of the collect-
ing section is similar to +he model and account 1is taken for
the difference between charging and collecting field strengths.

Hgowever, 1in the case considered here, the geometry of the
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collecting section differs considerably from the standard
duct or tubular precipitator as can be seen from the des-
cription in section 2.1.1. Therefore one of the main
theoretical problems of interest in this thesis concerns
the prediction of the collection efficiency of the concentric
geometry filter, both with and without dielectric media in
the collection region. More speqifically, this prediction
is desired for particle sizes ih thé iange 0.15 > 6.0 um
diameter. |

In considering the collection efficiency, attention
must first be paid to all the forces which can affect the

collection process. These forces are documented in the

ey eApr i Rl [ L Rk YRR

literature and their main characteristics are fairly well

understood. Therefore, it is possible a+ the outset to

ignore certain of these in the present study because their

I
g

magnitudes are very small compared to others. For example

dsi o i oo

gravitational and centrifugal effects, which are important

for particles of larger diameters, are completely negligible
for the sizes considered here. Also for the normél conditions
encountered in practice, thermal and magnetic forces have

no measureable effect. The following sections deal with

the more important force components under three headings;

the aerodynamic drag force, mechanical forces, and electro-
static forces. The magnitudes of these forces are expressed

in terms of dimensionless "collection parameters" as first
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suggested by Ranz and Wong (5). The parameters are used
in a later chapter in the derivation of an efficiency
equation which proves to be equivalent to the generally
accepted form of the Deutsch equation yet can be readily
extended to the case where dislectric collection media

is used in conjuncticn with the precipitator.

3.3 aerodynamic Drag Force = stokes' Law

The force tending to resist the motion of a spheri-
cal particle in a still gas for the size range considered
here is expressed by Stokes' Law as modified by Cunningham

ie:

F = -6nuv a (3 - 1)
’-’
C
ﬁ = gas viscosity (N.sS)
( m™)
a = particle radius (m)
¢ = particle velocity (m)
(@] —
(s)
¢ = Cunningham correction factor (dimensionless)

This law applies provided the Reynolds number for

the particle is less than 0.1 ie:

Rep = ZVO ap < 0.1 (3 - 2)
o
p = gas density (&

Lo
=
e
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in addition to the restriction on the Reynolds number the
following assumptions are normally made to ensure the
validity of the law:

a) Particle motion follows the motion of the gas ie:

acceleration time is negligible.

p) Wall and boundary effects can be ignored.

c) There is no interaction amondg particles.

d) The particles are spherical.

The relative magnitudes of these factors have been
considered elsewhere (16) and the results have shown that
agssumption a) can pe safely accepted for particles below
10 ﬁm diameter. The wall effects are very complex and
even though they may have some minor importance for the
case using dielectric collection media, when compared to
other factors there appeared to be no real justification
for considering them. The interaction among particles
was completely negligible for the concentrations considered.
here. Corrections for particles which are not spherical
have been given by various workers (17) . However, since
there are soO many problems in applying these corrections
to real dusts, the simpler assumption of pure sphericity
appeared justified provided t+he limitations implied by
the assumption were considered.

Finally, one other assumption was made in applying

Stokes*® Law by assuming that the resistance that the particle
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experienced in moving through a still fluid could be
extended to the case where the fiuid was moving. Here
the force could be thought of as a drag +hat the moving

gas exerted on the particle.

Thus equation (3-1} can bes written as: P i
-l i _
- _ -6tua v, -u ) i
= o o (3 - 3) : P
C P
u, = velccity of air stream (m)
(s)
For negligible acceleration times, u_ = Vo and the i

particle is entrained by the moving gas.

The Cunningham correction factor accounts for the

slip which occurs due to the discontinuous nature of the
gas when the particle size is of the same order as the

mean free path of the gas molecules. Davies (18) has

shown that for air at standard temperature and pressure.

g -(1.66 x 107 a)
+ 2.6 x 10 e 1 (3 - 4)

ey .

c = [1L+8.3x10°°
a
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Equation (3-4) is plotted in FIG. 3.1 and it is of

interest to note that the cunningham factor is extremely
important for +he particle size range which is considered

here.



21

L4

C43L3W0UI IW) ¥3LIWYIAQ IND11¥Vd

n°g 0°C 4°1 0°‘°T 8°0 9°0 §°0 €°0 2¢°0 §1°'0 1°0

| ____Aa_____ T 1 0

0°¢

] ___.k__.___ 1

0°¢
YOLOVd NOILD3YYU0D WYHONINNND 3HL

(SSB1NOISN3NIG)
¥01ov4 NOILD3AYI0I WY HONINNND



3.4 Mechanical Forces

The mechanisms governing the collection of

particles
in fibrous or granular type mechanical filters have been
considered by many authors and although the theory of oper-
ation is by no means complete, a great deal of inform

is available in the literature. Normally in analysing an
electrostatic precipitator the mechanical forces can be
completely ignored gince their magnitudes are small compared
to the electrical force. (If the geometrical dimensions

of the collector are much greater than the particle dimen-
sions, the mechanical effects are usually negligible.) How-
ever, in certain of the cases considered here, ie: when
dielectric media is used in the collection region, mechani-
cal forces could play a part in the collection process and
it is important to recognize the relative effects of the
electrical and mechanical terms. It ig interesting to note
that since an electrical force acts only on the particle
and not on the air stream as a whole, the resulting pressure
drops in precipitators can be made very low. However, for
the mechanical forces to operate it is necessary to move
the whole air stream and the energy required to do this
manifests itself as relatively high pressure drops. There-
fore, it could be expected that in a unit combining both
collection mechanisms, the pressure drop could be made
intermediate between that of a precipitator and a fibrous

filter.
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The three phenomena generally regarded as being
mechanical in nature are collection due toO inertial

impaction, interception and diffusion

S.-.uu. .

3.4.1 Inertial impacticn

wWhen a particle is entrained in an air stream the
force vector acts in the direction of the streamlines.
However, if there is a sudden change in the direction of
a streamline, the particle's inertia tends to resist the
change in direction and as a result it can move across
the streamline. If this occurs adjacent to a collection
surface, it is possible for the particle to impact on the
surface and be collected.

Ranz and Wong (5) have defined an inertial impaction

parameter.

= 2 -
¥ = Cp, vV, 4d (3 - 5)

18y Dc

This parameter expresses the ratio of the force
necessary to stop a particle jnitially travelling at the
velocity Vor in the distance Dc/2 to the fluid resistance
exerted on a particle travelling at a relative particle
velocity V.

since this is an jnertial term it can be seen that

the momentum of the particle is a main criterion for collec-

tion, coupled with the inverse of the collector diameter.
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For a single fiber, a collection efficiency has

peen defined as:

il
~q
0

n (3 - 6)

o
o
Q

Where Y defines the limits of the original aerosol
stream from which all particles of a given size are removed,
and D is the diameter of the collecting cylinder.

Several relationships have been proposed to give the
single fiber colliection efficiency as & function of the
impaction parameter. Strauss (19) shows the results of
many investigators and points out that experimental results
using cylindrical collectors suggest that the best estimate
can be obtained by using values jntermediate between the
curve due to tandahl and Hermann based upon Re_ = 10 and
that due to Langmuir and Blodgett who assumed potential

flow. (See FIG. 3.2)

3.4.2 Interception

Particles are collected by jnterception when a parti-
cle in following & streamline around a collector touches
the surface of the bedy. This occurs when the centre of a
particle follows a streamline which lies closer to the

cvlinder than the radius of the particle. A dimensionless
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parameter characterizing this effect was also given by

Ranz and Wong as:

s
il
Ulﬂl

3 -7

O

1+ can be seen that whereas the mass of the particle was
of prime concern in the inertial term, here it is the size
of the particle that is important, Under the assumption

===

of ideal flow they showed that for a single cylindrical

collector
]
Ny = (1 +R) - 1l (3 - 8)
(1 + R)

This relation is shown in Fig. 3.3 and it can be

] 1 R}

seen that for small values of R , nI-‘__:zR

3.4.3 Combined Effects

Because of the complex nature of the above phenomena,
variocus approaches have been made in determining the actual
total collection efficiency of a fiber. For instance. it
js recognized that the inertial and interference effects
are interrelated and that if a particle is caught by one
mechanism it cannot be caught again by & cecond. Moreover,
the relative effects are & function of the Reynolds number
calculated with respect to the collecting cylinder. How-
ever, for cases where the magnitude of each efficiency term

is < 0.1, a good approximation is to add the individual



SINGLE FIBER EFFICIENCY
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FIGURE 3.3

SINGLE FIBER EFFICIENCY OF
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efficiencies found in the previous sections to form a

total single fiber efficiency (19):

e * M1 3 =9

to be consistent wzth the results developed in later
sections it was found convenlent to deflne th;s collectlon

in terms of a mechan;cal collectlon parameter, K ’ such

that:;

Km'.._’. 2 : Ll e L L. (3 - 10)
w

3.4.4 Dxffusxon

The importance of particle collection due to
Brownian dlffuslon has been the subject of much study and
there is confliciing evidence on its importance in fiber
filters, (24), (25); However, the available results would
indicate that this mechanism wasfcompletely negligible for
the cases of particle gize, air flow, and collector diameters
considered here.

The effect of eddy diffusion due to the turbulent
nature of the air stream is a subject of considerable
jnterest in recent publications dealing with single stage
precipitators. Robinson (26) has reviewed the main con-
tributions and shows the different approaches which have
been taken to treat the effect of dif fusivity. The emphasis

in these studies has been on the form of the concentration



W
w

profile of the dust under the simultaneous influence of

the coulomb force and turbulent re-mixing, with additicnal
complications Gue to the electric wind and re-entrainment.
However, these factors appeared toO be unimportant in a two-
stage precipitator such ag the one considered here since
the conditions affecting the problem were on a much smaller
scale than in the larger one-stage units. For this reason,
the traditional argument regarding rurbulent mixing due

to White (27) was assumed. (ie: the effect of the turbu-

lent eddies was to continuously remix the particles in the

air stream to produce a constant cencentration profile.)

3.5 Electrostatic Forces

Kraemer and Johnstone (6) have solved the general
problem of the electrostatic forces which can exist between
a charged particle and a charged collector. This was further
discussed by pawkins (7) in his analysis of the electrostatic
forces as they affect the deposition on cylindrical shapes in
potential flow. These studies have shown that there are at
least five different force components, of electrostatic origin,

which can influence the particle trajectories ie:

a) Coulomb Force

When a charged particle is under the jnfluence of
an external electric field, the coulomb force tends to
move the particle in a direction such that a positive

charge moves in the direction of the field lines. (By
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cqnvention, field lines are assumed to be directed from

positive to negative) .

when. a: charged. particle approaches any metallic or
dielectric surface it induces an

cpposite charge which

tends to attract the particle to the surface.

c) Dielectrophoretic Force

wWhen an unchafgéd dielectric or metallic particle is
subject to a nbn;ﬂc;égeheous electric field, a dipole
is induced in the ?é:tic}e by the field and a net force
acts on the pértiélg_;n ihe direction of the increase of

field density.

d) Space Charge Force

when a charged particle is one of a cloud of like
charged particles, the cloud as a whole gives rise to a
field which tends to repel the particle away from the

cloud.

e) Induced Space Charge Force

wnhen a cloud of charged particles occupies a volume
near a dielectric or metallic surface, the cloud can
jnduce a net charge on the surface which can act to

attract individual particles rowards the collector.

The coculomb force is well known and is considered in
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traditional precipitator analyses as it is by far the most
important in conventional cases. The jmage and dielectro-

—

phoretic forces are often ignored as most precipitators are
not designed to utilize these components. However, as will
be seen in what follows, by appropriate design of the col-
jectors these forces can have an effect on.;yeicollection
process. The two . forces gh;ch.depen¢rupon:§pace charge can
be ignored in the work considered here as the charge densities
which are used are?fa::belaw,tQat regquired to produce measur-
able effects. However, it is of interest to note that by
proper design, precipitators can be built atilizing only the
space charge as t+he collection field and several recent de-
velopments have demonstrated this (20), (21).

The three most important forces for the present work

will now be discussed in a quantitative way.

3.5.1 Coulomb Force

when the particle which is charged is small and has
its charge distributed over its surface, it can be considered
to be a point charge having the total charge concentrated
at its center. The force acting on & point charge in an
electric field is a basic electrostatic definition as given

by Coulomb's Law:

¥ = qf (3 - 11)
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"
o
l..ul
®
0
l..h
O
Ih
'.J
®
’-.0
£
"
it
o
o)
Q
ot
by
-~
<
San

It is readily seen that the magnitude of this force
depends both upon the charge placed on the particle and the
field to which it is subjected. In order for precipitation
to occur, the force must be of sufficient magnitude to ensure
capture and the direction of the force vector must be towards
the collection surface. The relative effect of the coulomb
force compared to the aerodynamic force acting on the parti-
cle is given by the dimensionless collection parameter K,

where:

K = coulomb collection parameter

ggplomb force
Stokes-cunningham drag force

Kc = g E C (3 - 12)

6mu a v

For all conditions considered in this thesis,

W o= 1.8 x 1070 (N.s)
-
m
g E C
K, = 2.94% 103 3 (3 - 13)
a vg
E = collection field at surface (v)

P (m
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3.5.2 Image rorce

The attractive force caused by 2 charged particle
inducing an opposite charge in a metallic or dielectric plane

of infinite extent is well known and is given by:

5y —-2
- ('<Z: I =
FI = - 5 b o (3 - 14)
(< + 1) 47e  (21)
r = distance of particle from surface (m)
£ = unit vector measured from the surface towards

the particle (&dimensionless)

Note the force varies inversely as the square of the
distance from the surface. For this reason, this force is
very short range and its main effect is often considered to
be an aid to the final capture rather than a capture mechan=
ism of any importance in itself.

For the case of a point charge and cylindrical collec-
tor, image theory cannot be used because of the non-symmetrical
configuration and a series solution is required. However,
with the assumption that the collector diameter is much
larger than the particle diameter Kraemer and Johnstone (6)
have shown that the image theory can be applied and that at
the surface of the collector the attractive force is approxif

mately given by:
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{x - 1) 2 .
c g T
1
- TZC + 1)
F; = - " (3 - 15)
= e_ D7
o ¢
Which gives an image collection parametery;
8 2
K _ g C
I = > - - (3 - 16)
6v> ¢ u av_D“
% o C
Where 1
s = Ko =~ 1
t
Ko + 1

For all cases considered here

b o= 1.8 x 10”2 (?‘_'2-5)
(m™ )
14 ® S%¢
Ky = 1.06 x 10 g = (3 - 17)
a VODC

3.5.3 Dielectrophoretic Force

The force exerted by an electric field oOn a dipole

is well known and is given by (55) ;
T = v (PE

ular case of an uncharged particle

For the partic

fluence of an external electric field, the

under the in

magnitude of the induced dipole is given by (56) ;
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o ', a (3 - 18)

Therefore, the expression for the dielectrophoretic force

can be written as;

. SRR 1

F, = 4meg (‘?—'-‘—- ) a3 V(E-E) (3 - 19)
K + 2
p

Here it can be seen that the magnitude of the force
depends upon the dielectric constant of the particle, the
volume of the particle and, most important, both the field
strength and the field gradient. Note that net particle
charge is not considered in this force component. The
case of the cylindrical collector is of most interest in
practice and the analysis for this is given in Appendix A.
For the ideal case of a single collector in an initially
uniform field the average collection parameter is given by

equation A - 10

¢ (k, - L BTaEC

. = 2.61 x 10~ (3 - 20)

(K' + 2) v_ D



42
3.6 Efficiency of Collection

The prediction of the collection efficiency is one of

the problems of basic interest in any filter analysis. In

04

studying a unit where oth mechanical and electrostatic forces
may be important, care muet be used in the approach used in
the analysis. For instance, in the past both electrostatic
precipitators and fibrous filters have been extensively
studied and general equations for their efficiency have been
derived. However, because of the obvious differences between
the filters, the approach. . used in each case has tended to be
different.

Electrostatic precipitator analyses have used as a
figure of merit, the so-called "migration velocity" of a
particle. This is defined as the velocity with which a part-
icle moves towards a collecting surface under the influence
of the electric coulomb force. Having defined this parameter,
the efficiency equation for the standard precipitator then
becomes a function of the particle residence time in the pre-
cipitator, the area available for collection, etc. Deutsch
(28) in 1922 showed these factors were related by an expon-

ential relation which can be expressed as:

W
C

n = 1-e¢€ Rl : | (3 - 21)
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W £ migration vel (m/s)

>
1]

collection area (mz)

1}

total air flow (m3/s)

Modern theories for precipitators have recently been
reviewed by Robinson (26} and in general they agzree with the
form of the Deutsch equation. The main differences that do
exist among the theories concern the relative importance of
such factors as the effeét of eddy diffusivity, re-entrain-
ment, the electric wind, the form of the cross sectional dust
concentration profiles and most important, the effect of these
factors on the validity of the concept of migration velocity.
However even though experimental results often require an
empirical modification for the value of the migration velocity.,
in general they have all confirmed the exponential form of
the equation. Hence the basic problem reduces to finding the
functional form‘of the exponent.

The analysis of fibrous filters, on the other hand, has
evolved around the determination of the mechanical “single
fiber efficiency", generally expressed in terms of the col-
lection parameters mentioned previously. Knowing the col-
lection for one fiber, the efficiency equation becomes a
function of the total number of fibers per Cross sectional
area, the air velocity, thickness of filter etc. Ignoring

camplications such as the interference effect,'unequal

particle mixing, and fiber orientation, it can be easily
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shown (13) that the efficiency eqguation is again exponential

having thg_gegegal_fo:m:

- -n'D_L*
o l-e .~ o (3 - 22)
qu‘,sifgipglg;f;ber efficiency (dimensionless)
Dcri,_Qigmeter:of collecting fiber (m)
_;p;ii _total length of fiber in filter/unit

filter face area. (1/m)

The only difference between equations 3 - 21 and
3 - 22 is the form of the exponent. Several attempts have
been made (see for example Gillespie (8)) to modify the fibr-
ous filter equation to account for the electrostatic forces
acting in conjunction with mechanical fbiceé.  However, be-
cause of the importance of the interference effects etc. as
mentioned above, the problem is very complex and agreement
between theory and experiment has not been as good as with
conventional electrostatic precipitators.

Since the filter considered here is primarily an
electrostatic precipitator and the dielectric media acts
mainly to increase the area available for collecticn, it was
felt that the best approach in determining the total collection
efficiency was by appropriate modification of the existing
theories for precipitators.

This is the approach used in section 5.1.
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3.7 The Positive Corona Discharge in Rir

The mechanisms governing the positive corona

charge in co-axial cylindrical geometry wer £i

e

by Townsend (29) and more recently have been further dis-

e 1 mAs e e
cussed by Loen (33U . the practical

]

[

»
el

application of the corona
discharge tc the charging of particles in electrostatic

precipitation 1
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Howeverx,

White's main emphasis is on the negative corona in one stage
industrial precipitators where the ozone production is not
considered a problem.

The positive corona discharge consists of two distinct
regions, 2s illustrated in Fig. 3.4.

The ionized sheath is a region very close * to the wire
where the divergent field strength exceeds that required to
cause breakdown of the air. Hence, the gas becomes highly
ionized and contains positive ions and electrons. Since the
wire is positively charged, all the electrons are accelerated
towards it and the positive ions are repelled radially out-
wards to the outer cylinder. The motion of the charged ions
gives rise to the corona current. In addition to producing
the current, the ions have a space charge associated with

them which acts to limit the current flow and stabilize the

* At atmospheric pressure the thickness of this
sheath is a function of the current density
and wire diameter and could reach a value equal
to the wire diameter.
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discharge. Hence the name "positive ion space charge region®".

Loeb (32) points out that after the start of the corona dis-
charge, the voltage drop across the ionized sheath remains
constant. As the applied voltage inéreases, the ion con=-
centration increases and the excess potential is absorbed

by the resulting increased space charge. Townsend has cal-
culated the value of the critical field strength required

to produce corona and has shown that it is a function of the
radius of curvature of the wire (see for example Cobine (33)).
For smooth round wires at standard temperature and pressure
this is given by the expression *:

E, = (300 + %) x 10* V/m (3 - 23)

vYa
This is the field strength which exists at the surface of
the wire at corona onset. However, +he field strength of
the outer extreme of the ionized sheath must be approximately
equal to 3 x 10° V/m which is the value of field at which
cumulative ionization ceases. Since the thickness of the
sheath is very small, it can be assumed that the average

field strength in the jonized region will be approximately

* (Cobine also mentions the expression derived semi-
empirically by Peek which gives

E_ = (310 + 9.55) x 10* V/m

Note that this has the 8.ame form as equation 3-23
differing only slightly in the constants used. The
results derived here are unaffected if this is

used instead, the only change being a slightly dif-
ferent value for the constant G which appears in

a later section.
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given by:

B, = < = (300 + £32) x 10" ¥m (3 - 24)
2 va

Therefore the voltage drop across the sheath can be written

as

v = E__. Aa (3 - 25)

Before the onset of the corona discharge the radial
field distribution is given by the electrostatic formula
for concentric cylinder electrodes 1i.e.

\Y

— O _
E. = rIn®. (3 - 26)

'—J
A<

However, once the discharge begins, the radial field
strength is modified due to the space charge effect of the

ions (34) and the field is described by:

J

\7
r / ZﬂaoK c — m

For the normal case of moderate corona currents and
rcé: 2a to 3a it can be seen that over a large portion of
the cross section the radial field is approximately constant

and is given by:

o)

(3 - 28)

31



49

For positive air ions at atmospheric pressure the mobility

- mz

K is approximately 1.8 x 10 v

Therefore
(3 - 28)

td
|
-,
q
w
.—l
<
~)
83l

:

Since the corona current is the normal parameter

that is measured and yet E_ is needed to calculate the
ES

charging of particles, equation 3 - 29 is shown in graphical

form as Fig. B.1l in Appendix B.



50
3.7.1 Particle Charging

TWwO separate phencmena can cause the charging of

particles in

4]

corona discharge and are known as "field
charging" and n3i ffusion charging" respectively.

rield charging occurs as a result of field lines
converging on a dielectric or conducting particle. This
causes ions to bombard the surface until the resulting
charge is strong enough to cancel the effect of the external
field and hence the charge reaches a saturation value. This
mechanism predominates for particle sizes larger than approx-
imately 1.0 um diameter. pDi ffusion charging, on the other
hand, occurs because of the random collisions which can take
place between the particle and the jons. This is the main
effect for particles below about 0.2 um diameter. However,
between these two size 1imits both field and diffusion
charging must be considered. It happens that this is a very
critical size range; at atmospheric pressure the change in
the charging mechanisms, plus molecular slippage, results
in a predicted minimum in the electrical mobility for par-
ticles approximately 0.2 um diameter {(35).

various apprcaches have been taken to the problem of
charge prediction., ranging from simple addition of the two
charge components due to each effect {6) to numerical
solution of the differential equations governing the charging

rates (36). Also several authors have shown that, even for
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particles previously thought. to be influenced. only by

diffusion effects, the stremgth of the electric field.im . .
the charging region can play a very important role. (35)
(37) . |
Ccochet (38), has derived an’ expression which is a
nodification of the classical field charging equation as
originally de:ived by Pauthenier and accéunts for the diffu-
sion effect by means of a correction factor. The validity
of the formula waé‘éhéciééébf'Cochet over the size range
0.04 pym diameter to 1.0 um diameter with positive polarity
corona charging at fie;d,st:engths normally encountered in
practice. Above 1 ﬁm diameter the formula reduces to the
classical egquation. Therefore, this expression which is
given as equation 3 - 39ki§wu§§d‘t9 estimate the charge

magnitudes for all cases}cqnsidergd in this thesis.

Cochet's Formula

q. = 4ﬂ€o a E a? (C) (3 -30)
Where:
a = correction factor
(¢! - 1)
o o+ b 2)\) E (3 - 31)
a (1 + 3, (xp + 2)

A z mean free path of air ions
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Equation 3 - 30 gives the saturation charge for the particle.
To account for the finite charging time, a time constant has

peen introduced such that the actual charge is given by:

a = d4g

(
{

ot
o ar?
~

-~
S

4

i
+

s

4¢e
where T = +time constant —2

For the co-axial gecmetry as found here in the corona

discharge, the current density:

= - A -
J = 27r NKEI m (3 33)
and it can be easily shown that:
- 4r _
T = E;'f(' (3 34)

Alternatively, for particles moving with an average axial
velocity Vv in the x direction into the charger, a distance
Xo can be defined such that v T = Xq and equation 3 - 32

can be expressed as:

= (_x ) _
qa = 95 (x ¥ xo) (3 35)

The correction factor o is seen to be a function of
both the particle radius and the relative permittivity of
the material. This relation is shown in Fig. B.2, Appendix B
with A = 9.4 X ].0“8 m as given by Cochet. With this expres-
sion and Ké = 11 the relation between particle saturation

charge, particle size and charging field strength is given
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in Fig. B.3 Appendix B.

Coulomb Collection Parameter

For the case of a cylindrical geometry corona dis-
charge, E = Er in equation 3 - 3C. Therefore, assuming a

particle charged to saturation, the coulcmb collection para-

meter given as eqguation 3 - 13 can be written as:
-7 ErE
K, = 3.27 x 107" £(a) == (3 - 36)
o
where
f(a) = aa C (3 - 37)
(x! - 1)
A ey 2D R 1-
n t
(1 + a) (Kp + 2)
-8 _g -1.66 x 10'a
8.3 x 10 2.6 x 10 “e 7°
[ 1+ 3 + = ]

This expression f(a) describes the form of variation of the
collection parameter as a function of a and Ké and is shown
in graphical form in Fig. B.4 Appendix B. Note that a

minimum appears in the curve at approximately 0.3 um diameter.
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3.7.2 0Ozone Generation

o))

Penney (2}, white and Cole (39}, ané Lagarias {40

)]

among others, have discussed oczcne generation in electro-

static precipitators. Some design criteria which have been

established to minimize the formation of ozone, include the
following:
a) Use of positive polarity corona rather than
negative.

b) Use of a two-stage design where the charging

and collection functions are separated.

c) VUse of smooth; round, corona wire of the
smallest possible diameter compatible with

mechanical strength.

d) Use of the iowest possible corona current
compatible with satis factory collection

efficiency.

e) Use of the maximum air flow rate compatible

with satisfactory collection efficiency.

£) Elimination of any stray discharges such as
may occur due +o end effects, sharp points

or edges etcC.

In addition, it is known that the ozone concentration
in air is influenced by the presence of other molecular
species such as hydrocarbons and water vapour.

Considering the importance of the problem, very little
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has been published of a gquantitative nature concerning the
ozone generation in positive corona electrostatic precipita-
tors. (On the other hand, commercial czonizers have been
subject to much more attention in the literature (41). T
object there, of course, is to maximize the ozone productior

The formation of ozone in an electrical discharge is
not completely understood &as rhers are many possible reactions
which could create the 03 molecule (42). However, scme
general principles can be discussed concerning the electro-
chemistry of a gaseous reaction.

The electrical discharge, which occurs in the ionized
sheatnh immediately surrounding the corona wire, initially
generates ions. (At corona onset some free electrons are
accelerated in the high field and collide with neutral air
molecules. If the electrons have enough energy they generate
electron-positive ion pairs by impact ionization.) However,
in addition it is known that various short-lived species of
particles are generated by a series of secondary reactions.
These may be gaseous ions with positive and negative charges,
free atoms, or radicals, and may be in the fundamental or
electronically excited state. These particles are very re=
active, and include all possible species of oxygen required
for the formation of ozone. The resulting reactions are
known to be influenced by the catalytic action of foreign

substances such as neutral gas molecules, container walls
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etc. Also, further complications occur because of local

temperature effects and ultraviolet radiation emitted as a

result of the ionization. Theoretically, ozone could be

formed from any one of the following reactions.

g, +0 ~» O
2

3

0,7 + 07 » 05
0, + 0"~ o0,
30 > 0,4

The most probable reaction is thought to consist of the

following (43).

S 0" 8.3
02 + €5500A > o + + e (8.3 ev)
k2
g + 02 + M > 03 + M (24.1 Kcal)
ks
0O +0 +M -~ 02 + M (116.4 Kcal}

where k,, k2 and k3 are reaction constants and M
represents a neutral energy absorbing molecule.

Thus although the dominant form of the reaction
occurring in the discharge cannot be predicted with complete
accuracy, on the basis of the above considerations the
following assumptions have been made regarding the ozone
formation;

a) since the jonized sheath represents the most

chemically active region in the discharge, it is assumed that
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the ozone production takes place entirely within the iocnized
sheath.

b) because of the existence of the most energetic
electrons immediately adjacent to the wire surface and the
probable function of this surface as a catalytic r

site, it is further assumed

&
fv
t
g
0
0
ot
O
Hh
(1)
0
N
0
o]
o
fde
]
Hh
é
(1]
o

very close to, or even at, +he surface of the wire.

Experimental evidence supporting both these assumptions
has been found. Burgess (45) took measurements of ozone
concentration as a function of radial position from the wire.
Under laminar flow conditions they showed maximum concentration
near the wire with a very rapid drop cff as the probe was
withdrawn. The importance of the wire surface will be dis-
cussed in section 6.4 where measurements have shown that
the ozone generation for a given wire increases as surface
oxide forms on the wire.

The major constituents of air are oxygen and nitrogen.
However, because it requires less energy to ionize an oxygen
molecule than a nitrogen molecule, the majority of the ionized
species in air will be due to the breakdown of oxygen. This
explains one reason why the ozone production from a corona
discharge is a serious problem, whereas the generation of
oxides of nitrogen, which are also noxious, is so minute that
it can usually be ignored.

Experience with ozonizers has shown (44) that the
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amount of ozone produced per unit time is a direct function
of the amount of electrical power which is dissipated in the
discharge. It is reasonable to expect that a similar
relationship should exist in a corona discharge: i.e., for

a given wire size, relative humidity, temperature, and pressure

we could expect:

t
[03} Q= {03] = B(a) * (Power dissipated (3 - 38)
in ionized sheath)

which can be written using equation 3 - 25.
' —
[03] = B(a) = VI = B(a} - (Eav°“a) I {3 - 39

Note that B(a) the proportionality factor is dimensionless
because a given volume of ozone can be represented by the

energy required to form it.



CHAPTER 4

TEST PROCEDURSS

The air system used in all the experimental work is
shown in outline form in Fig. 4.1.

Air was supplied by the buildings' central compressor
system which used outside air as its source. ToO eliminate
pressure fluctuations caused by compressor cycling, the air
was passed through a pressure regulating valve at the inlet
to the system. This maintained the pressure at 60 * 0.5
psig.

0il from the compressor and water droplets from the
air line were removed by means of a commercial oil filter.
The air temperature was that of the ambient and ranged from
20° + 26°C throughout all of the tests. The humidity could
be varied by means of an in-line dryer and evaporative type
humidifier over a range from 2¢ » 85% R.H. Air flow was
monitored with a rotameter and could be accurately varied
over the range 1.9 » 2.5 1/s (4 -~ 20 S.C.F.M.). The air
was cleaned of particulate matter by two stages of filtra-

tion. The first was a deep filter bed consisting of a drum
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packed tightly with “Viskonaire"* filter media. This was
followed by a specially built unit providing 0.12 m2 of
millipore filter area having a pore size 0.1 um. The air
guality achieved met the Class 100 standard as specified
by the American Federal Standard #209 (49). This clean

air was then passed through a venturi expansion section,
where the aerosol was added from the aerosol generator,

and through a flow straightener to the main test duct.

The test duct consisted of a 4" diameter acrylic tube,
flanged to receive removable test sections. Appropriate
sampling points for particulates, ozone, pressure, humidity
and temperature were provided in this section. Following
the test section, a short length of duct provided similar
monitoring points and led to a flexible tube which exhausted

the air to the atmosphere.

4.1.2. Aerosol Generator

Two types of aerosol generation were used in the
present studies. The first consisted of a commercial D.O.P.
* * - o a 3
atomizer which produced a dense smoke consisting of Dioctyl
Phthalate droplets. These droplets were polydisperse with
a median diameter of approximately 0.3 um.
The second generator was an adaptation of another

commercial unit and was based upon a vaponefrin type nebulizer.

* Registered trademark, Johnson & Johnson Limited.

** Royco Model WA Smoke Generator.
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Here particulates, preselected as to size and material,
were placed in suspension in distilled water. The mixture
was then atomized in the nebulizer and the water evaporated
by mixing with dry air. The concentration of the aerosol
coulé be controlled by adjusting the percentage of particu-
lates in the water mixture and also by the air £ilow used.
This unit offered more flexibkility than the D.O.F. unit and
hence was used for the majority of the tests.

T3 ensure the particles stayed in suspension while
in the nebulizer, an agitating tube was added to the system
which allowed clean air to bubble through the liquid and
prevent settling (see FIG. 4.2). The drier tube provided
intimate mixing of a relatively larger volume of dry air
with the atomized particles. From here the drying process
continued in the mixing sphere and ensured that all the
moisture was in the vapour state. 1In addition, this large
volume acted as a buffer between the nebulizer and entry
port to the system. This helped to counteract any short
term variation in the atomization which could change the
aerosol concentration, (eg.) refilling the nebulizer. It
is known that any atomization process can give rise to charge
separation and hence the possibility that the particles may
have finite positive or negative charges. To eliminate any
variation due to this cause, the aerosol was passed through
a region subjected to low energy alpha radiation to ensure

the particles were discharged prior to entry into the test
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duct. The nebulizer had approximately a 90 minute capa-
city before refilling was necessary. As a result of the
precautions taken to ensure stability the aerosol concen-
trations could be maintained over long test periods. As
an example, Table 4-1 shows the resultg of particle counts

taken at two hour intervals throughout an eight hour period

where each figure represents an average of three counts.

4.1.3 Particle Counter

All the collection efficiency measurements taken in
this study were based upocn particle analysis using a light
scattering particle counter* which could count the number
of particlies in a sampled volume in incremental size ranges
extending from 0.15 + 6.0 um diameter. The principle of
operation and details of this instrument can be found in
the operating manual (50).

Primary calibration of the counter was carried out
periodically using monodisperse spherical latex particles.
A sample calibration run is shown in FIG. 4.3. The par-
ticles** used here had a mean diameter of 0.796 um with
a standard deviation of 0.0083 um.

It can be seen from the graph that a distinct
maximum was produced with over 50% of the counts recorded

* Royco Mocdel 202 Particle Counter, Royco Instruments Inc.
Menlo Park, California.

** Obtained from Dow Chemical Company.
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as 0.8 ym. The background counts were due to normal im-
purities in the distilled water and aerosol system which
were very difficult toc eliminate. However, the tests
indicated that any error due toc the skew distribution of
the background count was completely negligible. Other
sizes used in the calibration included 0.357 and 1.30 um.
Tn addition to this periodic primary calibration, the
recommended field calibration of the instrument was carried
out before, during and after every test.

An important limitation of a light scattering type
counter is the "coincidence loss® which occurs if the con-
centration of the aerosol is too great and light scatters
from more than one particle simultaneously. This results
in individual pulses merging into one larger pulse, giving
rise to abnormal counts. To minimize the possibility of
errors due to this, most tests were carried out with dilute
aerosols having total particle concentrations of approxi-
mately 7 x 1.04 particles/liter (2 X 106 particles/ft3)
or less. The counter was equipped with a dilution system
of up tc 10/1 which allowed the measurement of concentra-
tions up to 7 x 10° particles/liter (2 x lO7 particles/ft3)
for specific tests. Also, when total counts were taken for
all particles > 0.15 um diameter (known as total mode counts)

6

it was possible to use concentrations up to 4.2 x 10" par-
: . 3 . ..
ticles/liter (1.2 X 108 partlcles/ft ) by using an empiri-

cal correction factor supplied by the manufacturer. (50)
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4.1.4 Other Instrumentation and Equipment

Ozone Meterxr

A significant portion of this study was devoted to
quantitative measurements of ozone generation. In addition,
as a safety precaution, the ozone was always monitored for
all tests performed. The ozone concentration was measured
with a commgrcial instrument using a microcoulomb sensor.*
(51) This detected the current flow which resulted when
the ozone contained in a sampled volume of air reacted with
a buffered KI solution. The range of the instrument was
0 - 100 P.P.E.M. by volume of ozone. No primary calibration
was attempted as the KI + 03 reaction is regardeq.as being
the standard reaction. For sampling purposes a short length
of teflon tubing was used and was located approximately 1

meter downstream from the test section.

Hot Wire Anemometer

All velocity measurements were made with a hot wire
** - - .
anemometer. This instrument was equipped with a long slim
sampling probe which enabled measurements to be made within
the test unit. The air velocities which were measured were
always mean values, for although the flow was generally
turbulent the scale of the turbulent intensities were too

small to be detected accurately with this equipment.

*+ Mast Model 724-2 Ozone Meter, Mast Instrument Company.
** Model HWB3 Hot Wire Anemometer, Flow Corporation.
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High Voltage Supplies

Two high voltage power supplies were used in most
experiments to allow independent variation of the charging

. *
and collecting fields. The supply used for charging had

a full wave, voltage doubler rectifie

fa

output, variable from 0 - 60 kV R.M.S. at 0 > 5 mA. The
collector supply had 2 full wave, voltage doubler rec-
tified output with either positive or negative polarity
and a range of from 0 -+ 150 kV R.M.S. at 0 - 5mA. Sta-
bility of the high voltages was assured by connecting a
constant voltage transformer between it and the line
voltage. Two voltmeters were used to monitor the corona
and collector voltages. One was an electrostatic meter
reading from 0 - 30 kV in three ranges. The other was
an A.V.0. Model 8 multimeter equipped with high voltage
dropping resistors to extend the range to 25 kv. The
current monitor for the corona supply was a milli-ammeter

connected between the outer corona cylinder and the ground.

Miscellaneous

Humidity and temperature measurements were made with
a Honeywell Model W61llA relative humidity indicator. Pres-
sure drops across the test section were taken with a differ-

ential liquid manometer.

* pel Model #60TC5-1 Power Supply, Del Electronics Corp.
** N.J.E. Model $#HO-150-5C N.J.E. Corp.
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4,.1.5 Procbable Measurement

rrgors

In any discussion of errors it is important to differ-
entiate between the accuracy and precision of a measurement.
The accuracy of any measured vaiue refers to the degree to
which it conforms with an accepted standard. The precision
refers to the guality of sharpness cf definition and is

related t¢c the total measurement process
P
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ment. The fterm precision will be used tc refer to the

reproducibility of a particular measurement.

Air Flow

The rotameter had a quoted accuracy of * 1% of the
full scale reading. (The meter was calibrated from 4+40
S.C.F.M. (1.89 - 18.9 1/s). When the aerosol generator was
used in the tests, the air flow was corrected to account for

the air added by the drier and atomizing sources.

Particle Counter

The inevitable problems and errors involved in
particle analysis using light scattering can be conveniently

treated under three headings; sampling, counting, and size

discrimination.
a) Sampling

The aerosol was sampled from the duct by short lengths

of copper tubing bent to face into the air stream. (Some

measurements using Tygon tubing showed certain discrepancies
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which were ascribed to electrostatic depcsition in the

sampler. The copper apparently eliminated these effects.)
Some concern was felt initially regarding the necessity for

isokinetic sampling techniques. However, because the size

Hh
H

range © ost concern was less than 5 um diameter no sampling

error due to non-isokinetic sampling could be detected. In

rh

o))

no measurable

-
act

-

ifference was found for a sampling tube

L wn .
cieaim O

H
(0]
i

one drawing its samplie from
right angles to the air flow. In addition to these factors,
since the important relationship was the reading after the
precipitator relative to the reading before, the same type
of sampling geometry was always used in the two positions.
Hence any sampling error which was present in the absolute
sense should not affect the precision of the collection

efficiency calculations.

b) Counting

To ensure stable operation of the instrument it was
found desirable to leave it on continuously during periods
when tests were being run. In determining particle concen-
tration the sampled volume was required. This was calculated
using the rate of air flow measured by a flow meter incorpor-
ated in the sampler and the sampling time as set by a cam
driven stepping switch. Errors were-due to the combination
of these two measurements and the accuracy was i 4%. However,

again because of the fact that ratios of readings were taken
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the precision was estimated as = 2% based upon the stability

of the flow meter. The dilution system introduced much larger
errors however, with both the accuracy and precision leaving
much to be desired. As a result, the use of the dilution
system was avoided where possible and, when reguired, the
flow meter setting was carefully controlled. An estimate of
the error in percent, due to the dilution system, was given
by the manufacturer as % 6 * (dilution ratio). The statisti-
cal error due to sampling fram a large population is pro-
portional to %-where ¥ is the number counted. In practice
this meant th;z the counts in the smaller size ranges were
the most reproducible since the numbers counted were larger
here. (eg: see the ratio of the standard deviation to the
average count for the different sizes as shown in Table 4.1).
In taking measurements after the precipitator when the
efficiency was high, the sampling time was increased from the
normal 1 minute to 10 minutes or longer to ensure a larger
count. This was possible due to the stability of the aerosol
generator which ensured little variation of the initial con-
centration during the life of the test. Also in all cases
where the different sizes were sampled, the counter was stepped
through the ranges three times and the average count was
taken. Counts were always taken both before and after the
precipitator for each test. However, the after counts were
taken first since the purging time required when moving the

sampler from a low concentration to high concentration was
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much less than vice versa. Errors due to coincidence loss

always increased as the aerosol concentration increased.
However, these errors were minimized by using the correction

factor referred to previously and operating with "total mode”

counts where possible.

¢} Size Discrimination

Sizing was obtained within the instrument by cir-
cuitry which sensed the magnitude of the light pulse scattered
by a particle. The calibration was based upon spherical
particles and the normal accuracy for size resolution as
determined by the manufacturer was % 22%. For aerosols made
up of other than spherical particles, the recorded size was
an "effective area diameter" where the size was given as the
diameter of a sphere which would scatter the same amount of
light as the non-spherical particle. However, the effective
cross-sectional area of such a particle depends upon its
aspect relative to both the light beam and the photomultiplier
detector. This meant that the error in sizing was much larger
than the + 22% and in fact was estimated at several hundred
percent for cases of particles having a large dissymmetry.
Error in size discrimination was also very dependent on coin-
cidence loss. It was not possible to correct for this, other
than by dilution of the aerosol, since the correction factor
could only be applied for total mode counts. For this reason,

it was found that many collection efficiency measurements were
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more usefully measured using the total mode range. This had

the following advantages:

a) Error in particle sizing due to non-spherical
particles was not a factor.

b) The correction factor could be applied in cases of
overloading.

c) Less measurement time was required and hence there
was less chance of error due to instabilities.

d) Most essential information regarding collection
efficiency was specified by such a measurement since
standard filter specifications usually specify

efficiency on a total mode basis.

Ozone Meter

The ozone meter was found to have two main sources of
error. The first was caused by the formation of air bubbles
in the reagent solution which caused non-uniform flow over the
sensor. This error could be readily recognized by the erratic
nature of the readings. The biggest source of probable error
in the measurements was due to variation in the air sampling
pump. This was checked periodically as drifts of + 10% in
the calibration were found in some extreme cases. However,
because of the averaging of results and frequent calibration
the accuracy was estimated as * 5%. The precision of all

readings was approximately * 1 P.P.H.M.
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Air Velocity

The sensing head of the hot wire anemometer was cali-
brated in a special wind tunnel at a fixed velocity. For this
one point calibration the manufacturer claimed + 5% precision
in the range of velocities measured. The measurement of
positioning the probe was also a source of error associated

with the velocity measurement and was approximately + 2%.

Current and Voltage Metering

All current metering was accurate to + 1.5%. High
voltage metering was calibrated referred to the electrostatic
voltmeter. Accuracy was estimated at + 5% with a precision

for each meter of + 2%.

4.1.6 Test Units

The geometry of the concentric geametry test units
was as shown diagrammatically in Fig. 2.2. Unless otherwise
noted, the dimensions used were; diameter of inner cylinder
3.8 cm (1.5"), diameter of outer cylinder 7.6 cm (3.0"),
length 30.5 cm (12"). The assembled unit was mounted in an
acrylic tube having an inside diameter of 10.1 cm (4"). The
electrodes were constructed of perforated brass sheet with
the insulating support structures made of acrylic plastic.
Sealing at the inlet end was achieved with an 0 ring contact
between the support ring and mounting tube. TUnless noted
otherwise, all the collection efficiency experiments emp loyed

a corona wire running the full length of the unit having a
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diameter of 1.27 x 10”2 cm (0.005%). The corona wire was
supported in the center of the inner cylinder under slight
tension by a nylon support at the inlet end of the precipi-
tator and at the other end by a special high voltage con-
nector which also supplied the corona vcltage to the wire.
Each end of the corona wire was soldered to small brass
spheres to eliminate end effects. The inner cylinder was
grounded through a contact at the inlet end and voltage was
applied to the repeller by a contact point drilled through
the outer acrylic tube.

Two test units were constructed. Unit A (shown in
exploded view in Fig. 4.4.a) was made of perforated brass
plate; thickness 1.27 mm (0.05%), hole size 1.52 mm (0.06"),
w2 = .72. The inner cylinder consisted of two close fitting
concentric cylinders which could be moved relative to one
another so that the effective hole size could be varied and
hence the solidity ratio could be changed over the range
0.72 to 0.9. Access holes were provideda through the ends
of the acrylic supports so that velocity measurements could
be made inside the unit by means of a hot wire anemometer
probe. —

Unit B was dimensionally identical to Unit A but was
constructed so that the main elements could be easily inter-

changed. The inner electrode could be removed and replaced

with cylinders having several different mesh sizes and



FIGURE 4.4
TEST UNITS

A) EXPLODED VIEW OF TEST UNIT A
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solidity ratios. Also, an acrylic plug blocking the axial
air flow at the exit end could be removed and replaced with
a thin corona wire support so that air could pass straight

through the unit as in a standard single stage precipitator.

{The czcone measursements reported in Chapter & were nmade
with this plug removed and the inner cylinder replaced with

2 sclid brass electrode; the ends of which were carefully

- —— I e v —— -

smoothed to reduce end effects and the possibility of back

corcna.) Different ccocllector arrangements could be intro-

duced into the second stage of this unit and Fig. 4.4.Db)
shows an example of an array of acrylic rods ready for

mounting in the precipitator. The different collector

&

geometries and their characteristics are described in
Chapter 5.
Finally, a third unit was constructed for a series

of tests to check the effect of the electrified media in a

A

parallel plate gecmetry. In this case two perforated brass

electrodes 23 cm., (9") sguare were insulated from each other

-

with a spacing of 1.9 cm {(0.75"). They were mounted normal

to the mean air flow in an acrylic housing. This arrange-

el FR Pt

ment provided the same electrode spacing and average Cross
sectional area to the flow as the concentric geometry
collectors. For this unit the particles were precharged in
Unit B operated with the solid inner electrode and the end

plug removed.
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An overall view of the test facilities with Unit A

in place is shown in Fig. 4.5.

-~

4.1.7 Measurement of Collection Efficiency

211 collecticon efficiencies reported in the following
sections were based upon number counts. For fixed flows

and sampling times the collection efficiency was defined as:

Collection efficiency (n)

_ number of particles collected in the recipitator
= Rumber of particles at the inlet to Ege precipitator
number of particles at the outlet of the
= 1 - precipitator
number of particles at the inlet to the
precipitator

=1-H

where H is the particle "leakage" through the precipitator.
It is important to realize that this is equivalent

to other efficiency measurements based upon weight, surface

area, etc. only for the case where a single particle size

is considered. When a range of particle sizes is measured

such as 0.15 um and larger, then considerable differences

would result between measurements made by number and weight.

Since the number of particles is largest for rhe small sizes,

a collection efficiency based upon number of particles

would be very close to that of the smallest particle (eg:

for the size distributions used here, an efficiency measured
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for 0.15 um and larger proved to be very close to the
efficiency measured for 6.3 um alone). However, since the
bulk of the weight is concentrated in the larger particle

sizes, a collection efficiency based upon weight would

r

B 2N

misrepresent itac efficiency for the smaller size range.

£

The over-all leakage of a two-stage precipitator is

equal to the product of the leakages in each stage.

ie: H = H.,H

number of particles at outlet of 1lst stage
number of particles at inlet to the precipitator

number ggwgarticles at outlet of the precipitator
number of particles at iniet of 2nd stage




5.1 Theory

5.1.1 Migration Velocity and the Collection Parameters

Historically the concept of migration velocity has
grown out of consideration of a particle in a still gas,
je: in a still gas a charged particle under the influence
of an electric field will migrate, under steady state
conditions, at a velocity such that the electric coulomb
force is balanced with the aerodynamic drag force. From
here the notion extended to laminar flow where particles
moved in fixed trajectories and again, under the influence
of an electric field, could migrate across the streamlines
towards a collection surface. However, in the case of
turbulent flow, a condition met in almost all practical
units, the particle motion is more complex. Here particles
below about 10 um diameter move in a random fashion follow-
ing the turbulent gas fluctuations. This tends to contin-
uously remix the particles. Hence, even though the particles
are influenced by the electric field, it would seem un-
realistic to talk about them steadily migrating towards the

collection surface. Various authors have avoided this

82
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difficulty by referring to the parameter as an "effective

h

migration velocity® (52) or even a "mass transfer coeffi-

cient® (53). It is true +hat even

jaminar sublayer can exist where a steady migration can

—

- 3 - = =3
occur. Boweverl, S Tiis

n

in aminar laver is very close to
the collector surface and final capture must occur right at
the surface, any consideration of the collection efficiency
should emphasize the surface properties which actually
control the collection process such as the electric field
strength at the surface, and the area available for ccllect-
ijon. To this end, it is suggested here, that rather than
using migration velocity as a measure of the collection, an
equivalent but more appropriate factor can be found in the
dimensionless "collection parameters” as defined in the
previous sections. This allows the efficiency to be
specified in terms of the collection process at the collector
surface and hence can be readily extended to the case of
force components other than just the coulomb force. Also,
by concentrating on the collection process at the surface,
account can be taken of any effects due to collector
geometry.

It can be readily appreciated that in turbulent air
flow the capture of any particular particle is basically

statistical in nature. Moreover, to be captured, a particle

must experience simultaneously two necessary but not
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sufficient conditions. These are:
a) the particle must be immediately adjacent
to a collection surface.
b) the force field at this surface must be of
the right sign and magnitude to ensure capture.
Consider the situation as shown in Fig
particle is held at rest adjacent to a collection surface.
Th¢ .orce vectors as shown in the diagram describe the
forces which tend to move the particle. ?% is the average
drag force exerted by the moving air stream on the particle
at rest, Fi, F&, F;, are the instantaneous fluctuations due
to any turbulence in the air stream., It will be assumed
that F;{ = F!

Y
|F;| << ?g. The vector component Fy describes the net

F;, je: isotropic turbulence, and that

attractive force tending to move the particle to the surface.
If the particle is free to move and acceleration times

can be assumed negligible (47), the particle will be instan-

taneously accelerated to the velocity of the gas u, in the

x direction. This can be expressed by Stokes' Law as

F_C
= = X . . X . ;111
u, Ve Erua - In the y direction, ;hecpartlcle wil
instantaneously reach a velocity vy = E%EE . (After release,

the particle motion in the y direction is opposed by a
Stokes' viscous force egual to Fy.)
From this it follows that in a time interval At, the

particle will move an incremental distance Ax due to the
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aerodynamic drag and on average will also move a distance

Ay towards the collector given by:

(5 - 1)

11
i };’"’

(In general, as the particle approaches the collector, the
velocity v will decrease due to the velocity reduction in
the boundary layer. However, by considering v, as constant
a capture probability of 100% is assured.) But from section

3.5

*
*collection parameter®

W |
]
)
1]

therefore n Ay = K Ax (5 - 2)

In words, the distance Ay represents the limit of a
sector from which on average a particle would be captured
and this distance is characterized by the dimensionless
parameter K. With this coefficient defining the probability
of particle capture it is possible to derive an expression
for the collection efficiency of +he concentric geometry

precipitator.

5.1.2 Collection Efficiency Equation for a One-Stage
Cylindrical Precipitator with a Perforated Wall

Consider the first stage of the concentric geometry

* Note that since Fy has been defined as the net attractive

force, the collection parameter will be the sum of
the individual collection parameters contributing to
the capture.
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precipitator as shown in Fig. 5.2 The efficiency for this

section can be calculated guite readily by externding existing

theory to allow for the gas passing through the walls of the
collecting surface. The procedure is analagous to that due

-

LY
tc 11te

ot

Q

treat the effect of time variation in the wvoltage
waveform (48).

Here the problem takes on four aspects. First, because
of the finite charging time regquired for the particles to
achieve maximum charge, the K parameter for a particle will
jncrease to a saturation value as the particle passes down
the charger. Secondly, because of the air lost through the
walls, the K parameter will also increase with distance into
the unit because of the corresponding reduction in axial
velocity. Thirdly, from the point of view of the efficiency
of the first stage, once the gas passes through the walls,
the gas remaining in the collection section is only a fraction
of the total and hence the collection efficiency referred to
the total flow must be correspondingly less. Finally, because
of the perforations in the metal, the area available for
collecting the particles is less than the total area of the
cylindrical surface of the grounded collector.

To treat the problem, the following simplifying
assumptions have been made:

a) The air flow is turbulent (average forward movement

plus small scale random turbulence) .
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b)

c)

d)

e)

£)

g)

89

At any cross-section there is uniform particle
concentration (ie: complete remixing of particles
due to turbulent fluctuations}.

There is nc re-entrainment of particles once

There is nc interaction among the particles.
No air is lcst kbetween X = ©C and d. Thereafter, the
air passes through the wall of the collector at a

constant rate over the whole length so that the axial

velocity is described by:

u, = Uy o<x<d
u, (d=-x)
ux = { —T‘:a——— + UO] d< xX<L
where u = average velocity across the inlet of the

precipitator (2).
The velocity of the air parallel to the perforated
surface of any distance X is approximately equal to
the average axial velocity at that point.
The thickness of the cylinder is small enough so that
precipitation inside the perforations may be neglected.
Metallic area of cylinder = S'L-W2

where W2 is a dimensionless sclidity factor defined

Metallic area of cylinder

2
as W = Total area of cylindrical surface
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h) At any position x, the average particle velocity

v, = v .
>.4 X

Consider the cross section cf the precipitator as

shown in Fig. 5.2. Using White's argument, consider the

-

length L to be divided

l..'

nto n length increments 4x. For

evenly distributed dust. the probability that capture of any
. 1Y . .th . - .

one particle will oCcur in the 1 increment in travelling

an incremental distance Ax is given by:

P(x.) = AyoS-W2 (air flowing through cross section at xi)
i A (Total air flow through precipitator )

(5 - 3)
For constant cross sectional area and from eguation 5 - 2
noting that K is a function at X

K (xi)-S'WzsAx |axial velocity at X, |

By |axial velocity at inlet|

P (xi) =

For convenience in the derivation we can write:

K (xi) = K' i o (5 - 4)

|axial velocity at X |
K' = the value of the collection parameter calculated for
the maximum charge possible on the particle and for an

* .
axial air velocity of 1 meter/sec. (dimensionless)

X F X = reduction factor to account for the charging
time lag. (dimensionless) (see section 3.7.1)
* Note that by setting the axial velocity equal to 1

meter/sec the magnitude of K' is identical to the
"measure" of the migration velocity as normally defined.
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"measure" of the axial velocity

|axial velocity at x|
{dimensionless) .
Therefore,
2
—_ t x: SeW ’Ax
=K' 3% A v_| (5 - 5)
b4 o) .

P(xi)
1 (o}

The probability of a particle passing through the

precipitator without being captured will be termed the

"jeakage® and is given by:

H = (L - P(Xl)) (1 - P(xz) ———— {1 - P(xn))

therefore
in H = 1ln (1 - P(xl)) + 1In (1 - P(xz)) + —————
-—= 1n (1 - P(xn))
Now since P(xi) << 1
P(xi)2 P(xi)3
In (1 - P(x;)) = - (P(x;) + — r—s—
= - P(x;) "
Therefore n
ln H = - r P (xi)
i=1l
Let n - » & Ax - 0 such that n « Ax = L
Therefore
n
Lim 1ln H = Lim & - P (xi)
n-+o n+° i=1
n ( X, ) 2
b S W
= Lim I - K! —
nre i=1 xl + xo T;‘rol
L
SeW +K!' { X )
[ T T &
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which can be written

_ s W% K Iox
A, |V ! f Xx + X dx
H=e X ol o “o (5 - 6)
or
n =1-H (5 - 7)
Now K = XK = constant
[vo[

In this case the coulomb force is by far the most important

collection force therefore K = Kc

Also note that:

X

L x dx _ _ o L
(o) o
o
= Lb (5 - 8)
where b = derating factor due to finite charging time

(dimensionless) .

The derating factor b is plotted on Fig. 5.3 as a function

Xo
Of m—— e
L
Equation 5 - 6 becomes:
S-WZ-L-b K
- A c
H = e pd
But S-W2~L = metallic collection area Ac
A
c
. i b Kc

.. H = e X (5 - 9)
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Note that for L >> X_, b —1 and the collection efficiency

is given bj:-

n = 1l-e x (5 - 10}

This equation describes the efficiency of collection
for the precipitator in terms of an exponential whose
exponent is the product of two dimensionless groups; the
collection parameter Kc and the ratic of the collection
area to the Cross sectional area (this will be termed the
“specific collection area®).

Moreover, it is readily seen that for only the coulomb
force acting. this is the equivalent of the Deutsch equation

(53) since

and hence the exponent

}i(i . !—- = _A__-cw——- .
Ax vo Q

It is interesting to note that the predicted effi-
ciency of this first stage is the same as if the aerosol
had traversed the full length of the pipe and that the
pattern with which the aerosol escapes through the wall
along the length does not affect the predicted efficiency.
Note also that for normal values of fg used in the later

experiments, (which ranged from 0.01 0.06), the effect of

the charging time could not always be ignored.
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5.1.3 Collection Efficiency Equation for the Second Stage
of the Concentric Gecmetry Precipitator

After being charged in the first stage of the precipi-
tator, the particles which have escaped collection pass through
the perforated grounded cylinder and enter the second stage.
Here a collecting field may be applied in two ways;

a) A high voltage of the same polarity as the
particle charge may be placed on the outer cylinder
creating a repelling field tending to drive the
charged particles back towards the grounded
cylinder.

b) A high voltage of the cpposite polarity to the
particle chargemay be placed on the outer cylinder
creating an attracting field tending to drive the
charged particles towards the inside surface of
the outer cylinder.

The air flow in the second stage is influenced by
several factors. The first is that the distribution of air
through the perforated plate in the axial direction depends
upon the pressure drop across the plate. Whereas the pre-
dicted results from the first stage were unaffected by the
flow pattern, it is obvious that for optimum collection
efficiency in the second stage, the air distribution should
be uniform along the length of the cylinder. The second factor

is that the flow through the plate creates high velocity Jjets
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with large shearing effects giving rise to turbulent eddies.
The scale of these jets and eddies will be related to the
relative size and spacing of the perforations. Finally,
because of the concentric gecmetry, an expansion in the flow
area results which causes a decrease in the mean velocity as
the flow moves radially outwards.

Aside from this relatively complicated flow pattern,
there are two major differences from the situation in the
first stage:

a) The collection field is directed parallel to the

direction of mean flow.

b) The collection surface exists in one plane per-

pendicular to the direction of mean flow.
These factors would appear to preclude any analysis similar.
to that used before. However, it is proposed that these
points can be resolved to justify a similar approach.

For the field direction parallel to the air flow, the
view of the force balance as cited in section 5.1.1 would not
seem applicable. However, it must be recalled that the actual
collection process only occurs at the collector surface and
here the air flow must be parallel to the collector. The
velocity of the air at this point will be a complicated
function of the plate geometry but its magnitude will be
related to the mean forwaxd velocity of +the air stream.

Therefore, for the localized region where the collection



collection probability can be characterized by
parameter K.

In applying the probability analysis to the collection
process in the first ssction i+t was necessary tc hypothesize
a series of incremental areas down the length of the pre-
cipitatcr where the orobability of capture was specified.
It will be recalled that this led to the exponential form
of the eguation. In this case, the existence of the collector
in one plane would appear to indicate that the collection
could be specified by a single probability of capture at that
plane. However, this would only be true if there was no
mechanism to return a particle to the collector if it escaped
capture during its initial passage near the collector. For
instance, if it was possible for a given particle to be
returned to the vicinity of the collector a number of times
during its residence time in the collecting region, then an
analysis analagous to that in section 5.1.2 would be possible.*
It is proposed that this situation does in fact occur with
the turbulent re-mixing providing the major mechanism. In
addition, in the case of the repelling field the net result
of the velbcity decrease and the repelling field would be to
increase even more the probability of a particle being

* TIn this case, rather than defining the probability

of capture in terms of incremental lengths down
the collector, the analysis would proceed in terms

of time increments during the residence time of
the particle in the collector region.



98
returned in an eddy to the vicinity of the collector.

On the basis of these considerations it is proposed
that the collection efficiency equation for the second stage
is of the same form as equation 3 - i0 for the first stage
except for the following assumptions and modifications:

a) Since charging normally occurs in the first few
inches of the first stage, it is assumed that a
particle has achieved its saturation charge
ie: b = 1.

b) The dielectrophoretic force may have a small
effect in collection on the inner surface but is
negligible compared to the coulamb force term.

c) The effective velocity of the particle near the
surface is related to the mean flow but the pre-
diction of the magnitude appears impractical.

d) The specific collection area in this case will be
defined in texrms of the metallic collection area

divided by the open area at the plane of collection

. W2
lel — .

2

Having estgglished this model for the collection there
are a few predictions which are possible. The precipitator
as it stands is not a particularly useful form since the
second stage really adds very 1ittle additional collection

area. (In the case of the inner cylinder as collector the

additional area is the same as that in the first stage.)
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Therefore, although the electric field could be made stronger

in the static field. than in the corona discharge, thus in-
creasing the collection efficiency, dust build-up resulting
in clogging and re-entrainment would soon occur.

The difference in collection on the inner and outer
cylinders is also interesting. Since the field established
between these cylinders is due to a constant electric flux,
the product E-Ac will be the same for both the inner and
outer cylinders and hence the collection efficiency should
be similar for the case of attracting and repelling fields.
However, considering the air flow and practical consider-
ations the following differences exist:

Repelling Field (Collection on Inner Electrode)}

a) mean flow is away from collector,

b) high velocity jets point away from collector,

c) high mean velocity near collector,

d) field directed to increase residence time of
particle in the second stage,

e) possible to use same power supply for first and
second stage,

f) dust is collected on grounded electrode.

Attracting Field (Collection on Outer Electrode)

a) mean flow in direction of collector,

b) Jjets peoint towards collector but have much

decreased intensity,
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' ¢) low mean velocity near collector (due to radial
expansion of airj.,

d) field directed to decrease residence time of

particle in second stage,

e} separate power supply required for first and

second stage, -
£} dust collected on high voltage electrode.

Of these points, a). b}, and c} would favour collect-
ing on the outer electrode whereas d), e) and f) would act
in favour of the inner. However, it could be expected that
the mean velocity adjacent to the collector would have the
most influence and hence point c) would favour collection on

the outer electrode.

5.1.4 Collection Efficiency Equation for the Second Stage of

the Concentric Gecmetry Precipitator with Electrified
Media Present

As po&nted out in the 1last section, the concentric
geometry precipitator could be made to have good collection
efficiency but is limited due to the minimal increase in
collection area afforded by the second stage. TO overcome
this drawback, additional collection surfaces could be pro-
vided in the collection region. The considerations in the
previous sections have pointed out that to maximize collection

efficiency it is necessary to maximize both the cocllection
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field strength and the collection area. It is obvious that
to maintain an electric field in the collection region it is
necessary to ensure that the collection media is insulated
with respect to the electrodes. This could be achieved
either through the use of dielectric collectors or alter-
natively, conductors mounted in insulating supports. By in-
creasing the collection area it should be possible to
increase both the total collection efficiency and reliability
by ensuring that the geometry of the collection media produces
the maximum beneficial effects for both the mechanical and
electrical forces. Of the many possible collector geometries
two main ones will be considered here; the cylindrical rod

or fiber and the flat plate. Aside from the geometry of the
collector, two other important considerations are the orient-
ation relative to the mean flow and to the electric field.
Consider the three different cases as shown in Fig. 5.4 for
both rod and plate collectors.

In case a) the field direction is such as to cause
coulomb collection on the upper surface of each collector.
Note that in this case the maximum field strength and minimum
air velocities occur at the same region. This is a condition
conducive to maximum collection efficiency.

In case b) the field is the same but now the maximum
air velocity occurs adjacent to the region of maximum field

strength and the collection efficiency would be less than in a).
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In case c) the electric field lines are essentially
confined within the dielectric collectors with the remainin
field parallel to the surface and hence noc coulomb collection

could occur.

[

ol

n order to maximi
would be desirable to introduce a collector with a high
specific surface such as socme form of fibrous media. Consider
such a medium to consist of an idealized array of cylindrical
dielectric fibers oriented as shown in Fig. 5.5. The collect-
ion occurring in this situation can be treated by extending
the previous approach of section 5.1.2.

To simplify the analysis the following assumptions
will be made:

a) The fibers are sufficiently far apart so that the
presence of one does not affect the collection or
field distribution of the other.

b) The fibers are a regular array having equal
diameter D.

c) D >> Dc'

d) Complete remixing of the particles occurs after
each layer of fibers.

Under suitable conditions with this array it is possible

that at least four collection mechanisms could have importance.

a) Coulomb force.

b) Dielectrophoretic force.
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¢c) Image force..
d) Mechanical forces.

Coulomb Attraction

The presence of a dielectric cylinder in an electric
£icld causes the field lines to converge on the cylinder.
For small cylinders with no interference the radial field
will be approximated by the expression given as equation A-1
in Appendix A. Considering the total area of a cylinder and
the field direction as shown in Fig. A-l1 it can be seen that
the field over the top half of the cylinder will act to aid
collection whereas that on the lower half will act to repel
the particle and hence have no contribution to the collection.

Consider the probability of collection of a particle

on any of the fibers in the ith segment as shown in Fig. 5.5.

K . A_. * m,
B, = = (5 - 11)
xi
where:
K = an average value of the coulomb collection

ci
parameter based on the average collection

field strength over the surface of the fiber
and an average velocity of the particle in the
vicinity of the fiber. (See equation A-6

Appendix A.)



-

H

where:

~

g

surface area of a fiber

oy FT : By
nunber of fibers 1in

the
cross sectional area at
through which the total

the same arguments as in
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i sagment.

-

the ith

segment
air flow passes (mz).

section 5.1.2 it can

the total collection efficiency can be written

(5 - 12)

average coulcmb collection parameter based upon

equation A-6 with a value for Eo and Vo

averaged over the thickness of the filter media.

total surface area of fibers

(m?) .

average Cross sectional area through which the

total air flow passes

Dielectrophoretic Attraction

Since the field around the fibers is non-uniform,
dielectrophoretic force can be important.
collection parameter over the surface of a
derived as egquation A~
to note that this collection force acts on
lower surfaces of the fiber.

before the collection efficiency due to this term becomes:

10 in Appendix A and

(mz) .

the
The average

fiber has been
it is interesting

both the upper and

Using the same analysis as
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£
O

xw

nc=l—e (5 - 13)

traction

ct

Image A

T+ was mentioned in section 3.5.2 that the image force
is very shert range and is normally negligible. However,
since its effect occurs only at surfaces it could have added
importance in a collection media having a high specific

surface area. This would result in the expression

= 1 -e pid (5 - 14)

Mechanical Collection

Tt will be recalled from section 3.4.3 that the
combined inertial and interception effects were expressed in
t
terms of the collection parameter Km = % (equ. 3.10) where

Again considering the ith row of fibers in Fig. 5.5
the probability of capture of a particle due to mechanical

forces will be given by:

(5 - 15)
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ci = circumference of ith increment (m).
But _
P = Y_o.——om .1139_.—1'_-
i © D i C.-L
c i
AL - m
- K f‘ i
m .
xi
Or as before
- Km AC
n = 1-e By (5 - 16)
m

Note that this has exactly the same form as the pre-
vious electrical expressions, the only difference being the
definition of K. which is directly related to the existing
single fiber relations referred to in section 3.4.

The previous considerations have assumed that each
collection parameter acts independently. It is recognized
of course that all would act simultaneously, although the
relative importance of each would depend upon the conditions
for each case considered. In section 3.4.3 for mechanical
forces it was assumed that for small magnitudes of the
efficiencies simple addition of the single fiber efficiencies
would suffice. However, this did not take into account the
fact that if a particle is caught by one mechanism it cannot
be recaught again by a second or third. Therefore, to account
for this it is necessary to consider the product of each of

the leakages due to each component soO that the total collection
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efficiency in the media is given by:

o= 1o ) ) @ (EY

A

C = —
— ! 3

Ax (Kc + Kd + KI % Km)

Hc
o
(1]
3
i
.—l

- e

Note that this just accounts for the collection in
the media. The additional deposition in the first stage and
on the electrode in the second stage would also have to be
considered in determining the overall efficiency by including
the leakage terms in eguation 3 - 17.

This analysis has given rise to an expression giving
an estimate of the collection efficiency for ccmbined elec-
trical and mechanical effects. However, in any attempt to
apply this prediction in practice, special attention would
have to be paid to the simplifying assumptions which were
made in the derivation. In particular, the interference
effects among the fibers would be expected to cause some

difficulties.
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5.2 Test Results and Their Interpretation

5.2.1 Air Flow Through the Concentric Gecmetry Precipitator

Referring to Figures 2.1 and 2.2 it could be expected
that a higher pressure drop Dp&r unit flow would result from
the concentric geometry precipitator than from the standard
type of precipitator. In the normal precipitator the
pressure drop 1is due primarily to £ricticnal wall losses.
However, in the concentric gecmetry the pressure drop also
depends upon the energy lost through the following:

a) Constriction of the air at the inlet

b) Change in the air direction

c) Constriction and expansion of the air due to

the perforated cylinders
d) Air passage through the dielectric media
(if present)

e) Expansion of the air at the outlet.

These losses involve the transfer of kinetic energy
intc heat. The relative importance of the above losses
depends upon many factors but generally speaking flow
expansion contributes more loss than flow contraction. In
the case of drag losses the magnitude will vary as the
product of the square of the air velocity, the air density
and a drag coefficient. (This coefficient is primarily a
function of the Reynolds number and the geometry of the body

being considered.) Hence the main losses will usually occur
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at the areas where the velocity is highest.:

From the point of view of the concentric geometry

precipitator, the ideal air flow would be a high velccity

axial flow in the corona section until the particles were

fully charged, then the air would expand

the cylinder to provide constant air distribution in the

second stage. The &ir flow in the second stage would ideally

be a diffuse turbulent flow with complete air mixing occur=

ring as the mean flow moved radially through the section.

Study of the air flow in this work was limited to a

series of experiments to see how closely

this flow condition

was achieved in practice. Experiments were carried out

using test section A which had the variable aperture ad-

justment on the grounded cylinder. In addition, the effect

of wrapping nyiskonaire" on the outside of this cylinder

was tested. The axial air velocity was measured in the

corona section as a function of position
the section. The measurements were made
anemometer probe positioned slightly off
sensing wire oriented radially to ensure
velocity component was detected.

The results for one value of flow

5.6. (Similar curves were found for the

along the length of
with the hot wire
center and the

that only the axial

are shown on Fig.

othexr flows tested.)

Note that for the apertures fully open ie: 28% open area,

very little air passed through the perforated cylinder
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until the last few centimeters of the section. This meant

that the air distripution in the collection region was con-=

centrated at one end, resulting in a high velocity with only

a small pertion of the collection area being utilized. H

2y am
ever, as the percentas cpen area was reduced either bOY
changing the actual aperture size or its effective size, by

wrapping wyiskonaire™ around the cylinder, an improved air
flow resulted. The increased pressure drop acreoss the
perforated cylinder equalized the distribution as can be seen
by the curve showing a near 1inear change of velocity with
length. It is of interest to note that the radical change
in flow distribution observed in Fig. 5.6 was achieved
through modification of factors c) and d) mentioned earlier.
However, this resulted in only a relatively small difference
in the total pressure drop. This would indicate that a
large portion of the total loss was due to factors a), b)
and e). 1In particular e) was suspected of being the most
important since on this unit the ratio of the area at the
outlet of the unit to the area of the duct was less than 0.1l.
The velocities and flow characteristics jin the second
stage were not measured directly. The problem of flow
through perforated screens has been studied in the literature
(54) and from these results it was possible to predict the
flow pattern. 2S mentioned in section 5.1.3 air passing

through a perforated plate forms high velocity jets which
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give rise to turbulent eddies. The general scale of the
turbulence and the rate of velocity reduction in the Jjets

is related to the aperture size and solidity ratio. The
desired condition of diffuse turbulent flow can be achieved
by using small apertures and low percentage open area. This
coincides with the condition reguired for equalized air
distribution.

in the precipitation tests which follow, care was
taken to ensure equal velocity distribution in the second
stage either through the use of the "vViskonaire®" media or
using aperture settings of the order of 10% for the cases
of the geometries which had inadequate pressure drops
associated with them.

The mean velocities in the inlet section and in the
second stage were calculated for use later. These calcula-
tions were based upon the assumption of equal velocity
distributions and ignored any contraction effects due to
the constrictions.

First Stage

velocity at Inlet to Precipitator

The calculations were checked using measurements
taken in connection with the axial flow tests and were taken

as the maximum value of velocity recorded near the inlet.
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TABLE 5.1
FLOW AXIAL VELOCITY (m/s)
(m3) (S.C.F.M.) Calculated Measured
z |
-3

2.36 x 10 5 2.07 2.2
4.72 x 107> 10 4.14 4.5
7.08 x 107> 15 6.21 6.7
9.44 x 10°° 20 8.28 8.4

Second Stage

The mean velocity in the second stage decreases as
the air moves radially outwards. The velocities shown
below are given for the mean velocities in the jets for two
solidity ratios. The mean velocities that would exist at
the surface of the inner cylinder and half way across the
collection region are also given assuming diffuse radial

flow conditions.

TABLE 5.2

AIR

FLOW MEAN VELOCITY (m/s)

IN JETS IN COLLECTION REGION
S.c.F.M. W2 = .72 WS o= .9 AT INNER SURFACE HALF-WAY

5 0.23 0.65 0.065 0.043
10 0.46 1.3 0.13 0.086
15 0.69 1.9 0.19 0.13

20 0.92 2.6 0.26 0.17
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5.2.2 Collection Characteristics of the First Stage

A) Effect of Particle Size and Alr Flow

The effect of particle size and air flow rate on the
collection efficiency in the first stage of the concentric
gecmetry precipitator was tested by connecting the repeller
electrode to ground so that no collecting field existed in
the second stage. The results are shown in Fig. 5.7 and
the theoretical prediction based upon the analysis of section
5.1.2 is also shown on the graph. The theoretical points
were normally arrived at with the aid of the graphs in
Appendix B. However, for this case a sample calculation is

given to show the steps involved.

Sample Calculation

Experimental Conditions

Air flow (Q) = 4.72 1/s (10 S.C.F.M.)

Corona current density (J) = 2.56 x 107° A/m
Inlet area of precipitator (A)) = 1.14 x 1073 m?
Metallic collection area (A)) = 2.61 x 1072 n?
Percentage open area on collector electrode = 28%
Solidity ratio (W%) = .72

Radius of collector electrode (R;) = 1.9 x 10 %m
Length of collector (L) =  3.05 % 107 m

Particles used - Kaolin (Ké £ 11)

4 . 6 3
Particle concentration =+ 3.5 x 10 /liter (10 /ft7)




PARTICLE LEAKAGE C(DIMENSIONLESS)

10°

10~

10~

117

FIGURE 5.7
PARTICLE LEAKAGE FROM FIRST STAGE AS A FUNCTION
OF PARTICLE DIAMETER AND AIR FLOW RATE

L
o]
~1

o
o]
-
"~

[} [ [ [ T

§.445 1/s -

i i e ot e A

NY‘:
[

W = 0.72
J = 2.56 X 107> A/m
THEORETICAL
PREDICTION
PARTICLES FLOW (1/s)
o KAOLIN 9.4l i -

KAOLIN .72 : -

e RED IRON 4.72

OXIDE { |
X  KAOLIN 2. 36 E s\\\\\
i 2.36 1/s
] § J [} ] ! l \ { ?
0.15 0.2 6.3 0.h4 0.6 0.8 1.0 1.5 2.0 3.0 4.0

" PARTICLE DIAMETER (MICROMETER)



The predicted leakage is given by equation 5 - 9;

H =

e

-A_+b°*K
c c

A
X

a) Determination of derating factor b:

From eguation 3 - 34

T

Since T is a function of radial position and since

complete turbulent mixing was

o
M

p——

r

t4
w
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assumed, the effective value

of T can be approximated by using the value of radius which

encloses one half the cross section area.

- - r

For J
Er

Also K

e

— 2
Ry -2
Y/ T = 1.34 x 10 m
-3 A
5.1 x 10° ¥ (See Fig. B.1)
2
-4

Assume maximum axial velocity

- - v
(@

i

4.14 2 (From Section 5.2.1)
_ -3

v T = 2.5 X% 10 m

(@]

8.1 x 10~



From Fig. 5.3 this gives a derating factor for the
coulomb collection parameter = 0.96.
b) Specific collection area
Ag 2.61 % 1072 -
P—:- = -3 = a3
% 1.14 x 10 ~
c) Collection parameter
From Equation 3 - 36
—7 E_E
K, = 3.27 x 107" £ (a) ==
o
Consider a particle 0.3 um diameter with «* % 11

7

=

£(a) £ 9x 10 ' m (Ssee Fig. B.4)

Also from before
5

E 5.1 x 10
r

ai<

In calculating the collecting field at the surface

of the collector is must be noted that the metallic area

is smaller than the enclosed area. Since the field lines

must end on metal, there will be a local increase in the

field strength

by

1

5.1 x 10

2

7.1 x 10

5
X
.7

|
31<

=
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which on average will be approximately given
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C

Total exponent

. H

[
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2.47 x 10”2
A
C
K_*bex= 0.57
=X

For flow of 9.4 1/s (20 S.C.F.M.)

X
O

T

= 1.6 x 102

Exponent = 0.28

For flow of 2.36 1l/s

- 4 x 103

Exponent = 1.16

The

plotted on Fig. 5.7.

.". derating factor = 0.94
and H = 0.76
.°. derating factor = 0.98

0.31

resulting values for the other sizes are shown

The experimental results shown in Fig. 5.7 were

obtained using kaolin particles at three values of air flow

and also for red iron oxide particles at the air flow of

4,72 1/s. The results of

these tests show excellent agree-

ment with the theoretical predictions of the effect of air

flow rate on the collection efficiency

as can be seen by the
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close correspondence to the predicted values for the parti-
cles in the smaller size ranges. However, it can be seen
that the variation of the collection efficiency as a function
of particle size shows two discrepancies.

The first is that no real experimental evidence can
be seen to support the predicted minimum value of collection
efficiency. This could possibly be due to instrumentation
limitations since the size range fram 0.15 um to 0.3 um is
very near the lower 1imits of resolution for the counter and
overlap in size discrimination would be gquite probable. The
effect of particle shape did not appear to be a factor in
this case since the kaolin (flake structure) and red iron
oxide (irregular spheres) gave approximately the same results
in this size range. Also for these collection efficiencies,
it can be seen that the magnitude of the effect was of the
same order as the spread of experimental readings.

The second discrepancy concerns the divergence of the
test results from the predicted curve for particles above
approximately 1.0 um. This was felt to be due to the effect
of the particle shape on a) the accuracy of size discrimin-
ation by the counter and b) the maximum charge placed on the
particle. The size discrimination would obviously be less
accurate for the kaolin particles because of their flakey

structure. Moreover, it could be expected that a flat disk



122

of given cross sectional area would not hold as much charge

)

as a sphere having the same Cross sectional area since th
actual surface area ofi the former would be less. This

would result in a particle having less charge than expected

efficiency. This interpretation is supported by the results
with red ircn cxide for although there was still some dis-
crepancy, the agreement was closer to the theory. The
general agreement in the smaller sizes can be explained by
the fact that the dissymmetry becomes iess important as size

is reduced and the particles approach a spherical shape.

B) Effect of Corona Current Density

A series of tests was carried out to check the effect
of the corona current density on the collection efficiency.
These tests were taken with the air flow constant at 4.72 1/s
(10 S.C.F.M.) and at four values of corona current. The
results are shown in Fig. 5.8 with the leakage values plotted
on a logarithmic scale and the corona current density on a
linear scale.

The theoretical predictions were obtained by plotting
the exponent of eguation 5 - 9 on the graph (note that on a
log-linear graph, the plotted value of leakage varies
linearly as the value of the exponent).

Considering a fixed particle size of 0.3 um the
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exponent becomes;

But

A .,
_ceb R, o 1.63 x 1002 E_E_b
A r P
=
E = 3 x 107
r
B, = E
3
A
X‘ib K. = 2.26 x 102 « (3+b) (5 - 18)
p-4

Calculations were made for three sizes, 0.3 um,

1.0 ym and 3 um diameter, and the resulting predictions are

shown as the solid lines on the graph. Note that b is a

function of J but since it ranged in value from .93 to .97

for the current densities considered, the resulting curve

is very close to a straight line and negligible error results

in considering that the exponent varies directly with J.

This is a rather interesting case which results from the

fact that the particle charging and particle collection are

accomplished by the same field.

The experimental results show good agreement with the

predicted values, except for the results with the 3 um size

which shown a similar discrepancy to that found in the last

test.

However, it is significant to note that the experi-
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mental values did fall along a straight line showing that
although the absolute values were different f£rcm those
predicted, the form of variation with J was the same. The
red iron oxide was only tested for the one value of J but

this point again showe

£
¢
ﬂ)
or
ok
o
&
Al
1¢}
53
:
g
)]
3
ot
f)

nt with the theory.
The reason for this difference is probably the same as

discussed before.

C) Effect of Aperture Size

As pointed out in section 4.1.6, the grounded
cylindrical electrode was constructed so that the percentage
open area could be varied over the range of approximately
108 - 28%. In addition, an interchangeable fine mesh
cylinder having an open area of 44% and a solid cylinder *
with an open area of 0% were employed. Tests were carried
out at these four values of open area to determine a) the
voltage-current characteristic of the corona discharge and
b) the first stage collection efficiency.

No detectable change was found for the corona
characteristic for the four cases (see Fig. 6 -~ 7. and the
curve for wire diameter 1.27 X 10”% m (0.005") for the
voltage-current characteristicj . This result was not
surprising since it is well known that it is the gecmetry of
the centre conductor rather than the outer which has the
main influence on the corona characteristic.

* For this test the flow was straight through
the cylinder with no blockage at the far end.
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The results for the collection efficiency measure-

ments are shown in Fig. 5 - 9. They are very interesting

since once again no significant change could be detected.

.

The results agree with the derivation in section 5.1.2

.
Ll

justify the assumption that was made regar

=% - ¥
the particle

Wl

velocity Voo (It was thought that possibly the stated
assumption tnat v, represented the average velocitv adjacent

to the collector surface, would not be valid over the broad
range of flow conditions ranging from straight axial to
considerable radial flow components.) The other factor

was that as the actual collection area available was reduced
due to the increase in the open area, this was compensated
by an increase in the field density at the surface. (The
collection area is reduced by the factor W2 but the average
collection field is increased by l? and so the product

A, Ep remains approximately conztant.) This is an
important point since it re-emphasizes the necessity of
considering the mechanisms affecting the collection right

at the surface of the collector rather than in the main
volume of the air stream. Moreover, from the point of view
of collection in the first stage, for the conditions studied
the perforated cylinder is shown to be eguivalent to a solid
cylinder (long term effects could presumably affect this
conclusion since maximum dust loadings and the importance

of re-entrainment would probably differ for the various
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solidity ratios).

5.2.3 Collection Characteristics of the Second Stage

A series of tests wereS carried out to test the

validity of the assumptions =ade regarding the ccllection

efficiency eguation in section 5.1.3.

a) Effect of Collecting Field

Fig. 5 - 10 gives the results of the particle
leakage as a function of the voltage applied to the outer
electrode. Tests were taken at two values of air flow with
both positive and negative polarity. Results shown on the
graph are for particles of 0.3 um diameter and also for the
total mode range 0.15 um and larger.

The theoretical prediction of the collection efficiency
will be given by equation 5 - g with the appropriate modifi-
cations as discussed in section 5.1.3.

Substituting for Kc from equation 3 - 36 the expon-

ent becomes:

1 E_E_ Ag
in H = 3.27 x 10 f(a)-;—P-K—- (5 - 19)
o X

Cconsider the case of a kaolin particle of 0.3 um

diameter and collection on the inner electrode. The experi-

mental values were:
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= 5,V
E. = 5.1 x 10 (5
= -7
£ (a) = 9 x 10 m
w2 = 0.9
v \'
= r 1 V. v
B = e = = _r A e £m
P R; 1In R, a2 76 2 ) (see footnote)*
Ry
R
Sx 1 -wS
Vo unknown.
These values give:
-4 vr
in H = 1.14 X 10 T (5 - 20)

Referring to Fig. 5-10, the experimental results were signif-
jcant in several respects:
a) All the experimental points for fixed flows closely
follow a straight line on the log-linear plot. (The points
at + 30 kv for the lower flow show a discrepancy which
was probably due to a combination of sampling error plus
the added importance at these high efficiencies of extra-
neous effects such as re-entrainment of the dust and
possibly small air ljeaks.) These curves agree with
* This expression for field strength was based upon
the assumptions that:

A) the field strength between the perforated con-
centric cylinders was approximately the same as for

solid cylinders.

B) end effects were neglected.
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equation 5 - 20 which gives the exponent of the leakage
as varying directly with the voltage on the repeller, and
therefore confirms the exponential form of the relation-

ship.

t

b) Note that the measured rasulss for ¢.3 um particles

-~
W

L3

were practically indistinguishable from the results for

L

0.15 um and larger. This was found to be true in general
for the size distribution and concentrations of kaclin
particles used in the tests. Hence, this enabled measure-
ments to be made on a total mode basis, whereas the
calculations could be based upon a particle size of

0.3 um diameter.

c) For each case, the negative polarity on the outer
electrode gave slightly highex collection efficiencies
than the positive polarity. This showed that the
collection process was slightly more effective at the
outer electrode. of the various factors which were dis-
cussed in section 5.1.3 as possibly affecting this;: the
main reason for the higher efficiency was probably due

to the lower mean velocity in the vicinity of the outer
electrode compared to the inner.

d) Two points are shown on the graph for the + 10 kV
potential and the solidity ratio of the inner cylinder at
0.72. The relatively lower collection efficiencies were

presumably due to the non-uniform air distribution in the
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second stage resulting in higher mean velocities during
collection.

e) Finally, the expression given by eguation 5 - 20 was
used to check the effect of the air flow rate. No
practical means could be used to sharacterize the velocity
Ve Therefore, the value of v, was determined for the
flow of 4.72 1/s from the experimental curve. rrom this
value a predicted curve was drawn for the flow of 9,44 1/s
based upon the assumption that the effective value of

velocity would be doubled at double the flow.

je: from Fig. 5 - 10, at V. = + 10 kV and
Q = 4.72 1/s
H = 0.09
mmuE = =2 = 2.4
v
o
. = m
- L) Vo— 0.485
o« . For V. = + 10 kV and Q = 9.44 1/s
Assume v = .95 m
o) s
. _ 0 1l.14  _
. 3 lnH - _—_-.95 1.2
... H = 0.3

The predicted curve can be seen to give efficiency

values higher than the experiment and would indicate that
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when the flow was doubled, the actual effective velocity was
scmewhat more than double the value at half the flow. How=
ever, the predicted curve was of the same order as the
experimental values ané would again justify the approach
taken in section 5.1.2. Note that the value of the effective
velocity for the 4.72 1/s is a reasonable value when compared
£o the predicted velocities shown in Table 5.2. Here the
velocity in the jet would be 1.3 m/s and the mean velocity

at the surface 0.13 m/s whereas the effective velocity was

0.48 m/s which lies between the two extremes.

B) Effect of particle Size

Fig. 5.11 shows the measured collection efficiencies
as a function of particle size, for an air flow of 4.72 1/s
and two values of repeller voltage for kaolin and at one
value of voltage for red iron oxide. The theoretical pre-
diction of the collection efficiency was based upon equation
5-19 using the value of effective velocity as found empiri-
cally from Fig. 5.10.

The results of this test show a similar pattern to
those found for the first stage. Once again no minimum
could be detected and the larger sizes were collected less
efficiently than predicted. The explanation for this would
be the same as hefore, as again the red iron oxide had

slightly higher efficiency than the kaolin.
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Note in this case the excellent agreement with the
0.3 um particles was due primarily to the fact that the
value of velocity used in the expression for the exponent
was based upon the test results for the 0.3 um size.

However, the general pattern for all the sizes showed

ct

agreement with the effect of doubling the repeller voltage.

(@

¢} Effect of Corona Current Density

Fig. 5.12 shows the results of a series of tests to
determine the effect of the corona current density on
collection in the second stage.

The theoretical predictions were obtained from the
~urves on Fig. 5.11 for 0.3 um and 1.0 um diameter particles
for the corona current density J = 2.56 x 163 A/m. From
equation 5 - 19 and 3 - 29 the form of variation of the
exponent is such that for fixed particle size, air flow

and repeller volts:

inH o v J

This relation would produce a straight line on a
log-linear graph if the v¥J was plotted on the linear axis.
This has been done in Fig. 5.12 and the results agree well
with the predicted relation. Note as in the first stage,
the results for the larger sizes, for example 1.0 um
diameter, differ from the predicted value but follow a

straight line relation.
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The results of this series of experiments has
justified the assumptions made regarding the ceollection
efficiency in section 5.1.3. Moreover, it has been shown
that reasonable collection efficiencies, ie: 99% are

possible with this geometry.

5.2.4 Collection Characteristics of the Second Stage

with Blectrified Media Present

This section deals with an extensive series of
experiments to determine the effect of increasing the
available collection area in the second stage by means of
dielectric media.

The purpose of the tests was three-fold:

a) to determine the relative importance of the
variocus collection force components

b) to justify the theoretical approach used in
section S5.1.4

c) to find the optimum design parameters for a
practical air filter.

Because of the large number of tests carried out
during the course of this portion of the work, it proved
impractical to discuss the significance of each test in-
dividually. For this reason, the following approach was
adopted. The most important results are presented in

graphical form and their particular significance discussed.

R ey G “'l R
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TEST Fixed Flow = 7.1 1/s Possible Collection

Particles - Xaolin Parameters
I (ma) Vr(kV)

I 0 0 K
m
iI 0.5 0 R, K_
m i
III ] +20 R+ Ky
v 0.5 +20 K.r Ky, Kgr K

The results from tests I and II are shown on Fig.
5.13 and tests III and IV on Fig. 5.14.*
The general results of these tests indicated that:
a) For geometries A, B and C no collection com-
ponent other than Kc could be detected.
b) For geametry F, Km had a significant effect,
particularly in the larger size range.
¢c) For gecmetries D and E, both Km and Kd had
significant effects, particularly in the larger size range.
d) No KI component could be detected for any case.
e) For the experimental conditions in these tests
Kc was the most important parameter for all cases in which
it was present. In particular, for the size range of 0.3
um diameter, negligible error would result by only con-
sidering the K_ term as causing the collection.

On the basis of point d) the effect of the geometry
change was determined by assuming only K_ was operative.
To establish quantitative estimates for the exponent in

*Note that the results for the dielectrophoretic force
on Fig. 5.14 have been shown independent of the

mechanical effects, whereas the results for test 1V )
include all the force components as well as the collection

of the 1lst stage.
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PARTICLE LEAKAGE AS A FUNCTION OF PARTICLE S1ZE
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equation 5 - 17 it was necessary to know for each gecmetry:
the specific collection area; the mean veloci in the
vicinity of the collectors, and the average electric field
strength at the collector surface. The specific collection
area for each gecmetry as calculated is shown in Table 5.3.
The mean air velocity for cases A and F was difficult to
estimate due to the present of the air jets. Therefore,
for both these cases the effective mean velocity was taken
as a value between the velocity in the jets and the mean
flow velocity at that point in the same ratic as was found
experimentally for case A in section 5.2.3. (For case F
the mean flow velocity used was taken as the velocity mid-
way between the two layers of collectors.) For the cylin-
drical collectors B and C, the effective mean velocity was
taken as the average of the maximum and minimum velocities
that would exist for the air passing around the cylinders.
For both D and E the mean velocity was defined by equation
A - 3a, in Appendix A. The effective field strength at
the surface of the collectors was determined as shown in
Appendix A, by assuming that there was no interference
effects and that the collector was in an initially uniform

field whose magnitude was the mean of the field that would

exist within the collector if it had a relative permittivity

of 1.

Based upon these several assumptions, a theoretical

stk i TR ST R
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value for the exponent defining the particle leakage was
calculated for the single particile size 0.3 um diameter.

The experimental results were taken from Fig. 5.14 and *

are shown on Fig. 5.15 with the theoretical value of the

. - .
iinear scale. The straight line

: +h

- -
el TIL

ot
Q
o]
{1

exponent pio

on this graph signifies exact correspondence between theory

»
[}

and experiment. For comparison the curves are also shown

et L R

defining + 20% discrepancy. (Note that points lying to the
right of the line show experimental efficiencies less than
predicted, points to the left give values greater than
predicted by theory.

The results of Fig. 5.15, although admittedly of an

approximate nature, were significant in that with one
exception (Case E), they agreed reasonably well with the
predicted results. Moreover, Case E shows a discrepancy
which was not unexpected. In the measurement of the specific <
coliection area for the "Viskonaire" media, no attempt was
made to account for such things as clumping of fibers,
orientation of fibers relative to electric field, inter-
ference effects, etc. It would be expected that the effect
of these factors would be to considerably reduce the effect-
ive specific area that was available for collection. (The
close agreement of the wire mat can be explained by the

fact that the packing density was rmuch less and the fibers

were specially arranged to meet the field lines at right
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angles.)

The most important result of these tests must be
the fact that in all cases, the collection efficiency in-
creased as the specific ccllection area increased. There-
fore, the addition of dielectric collection media alcne
increased the usefulness of the electrical collection
forces and allowed them to work more efficiently.

B) Collection Parameters in "Vviskonaire®”

In spite of the fact that the actual collection
efficiency did not increase as much as would be expected
from the measured specific surface area of the "Viskonaire®,
it still represented the maximum collection efficiency
cbtained with any of the gecmetries. For this reason,
the properties of this collection media were investigated
in more depth than any of the others.

Fig. 5.16 shows the results of a series of tests
on a filter containing 2 tightly wound layers of
nyiskonaire® for various conditions of applied voltage but
with fixed air flow. To calculate the relative importance
of the different foxrce components it was necessary to Xnow
the effective value for ZS for this configuration. This
was determined from the ezperimental results with the
assumptions that:

a) For large collection efficiencies, ¥ is the

most important component and the other collection parameters
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can be ignored compared to it.

b) Since the cocllection area available in the media
is much greater than for the grounded cylinder and since
the media was in direct contact with it, the collection
was considered to occur only on the area provided by the
media.

c) The effect of fiber interaction, orientation,
etc. can be accounted for by the determination of an
effective specific surface area.

The collection efficiency in the fibrous media for
the particle size 0.3 um is plotted in Fig. 5.17 as &
function of repeller volts. For the predicted exponential
relation a straight line would result and the best fit
straight line is shown on the graph.

The experimental conditions were:

Q = 4.72 1/s (10 S.C.F.M.)
3 = 2.3x 1077 2 (0.7 ma/fe.)
. _ 5V
. o Er = 4.8 x 10 =
. 0.086 . m
Vo = Vv through bed = g7 ~ 0.1 S

K; £ 11 (Xaolin)

t
Ko £ 3 (Terylene)

7

£(a) = 9 x 10” (for 0.3 um)
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.
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.. From equation A - 6

. £(a) ErEo

¥ = 1.55 x 10
C —_—
v

o

For the mid-point of the dielectric bed:

Ve

ofle
wn
~J
<

anv - -2
(2.54 x 10 7) (0.69)

A

-_ c _
X

when
Vr = 4.4 kV
A
o.. A_<:' % 13.5
X

Note that this value was approximately 0.2 of that
which would be expected for two layers of "viskonaire"
(see Table 5.3). This is not unreasonable considering the
packing density effects mentioned earlier.

Using this above value of the specific collection
area, it was possible to obtain a quantitative estimate of
the importance of the various force components.

I) Mechanical Forces

The theoretical predictions were obtained by con-

sidering the effects of Impaction and Interception from

)

Al
w“z‘



152

equation 3 - 10 and Figures 3.2 and 3.3. The calculations

. < 5 . . . 3
were based upon a density £for kaclin ¢

th

s = 2.6 x 10
=

kg/m3 and the particle velocity was taken as the velocity
through the holes in the perforated cylinder (ie: f£for this
case Wz = 0.72. .°. at Q = 4.72 1/s, v, = 0.46 m/s).

The results of the theoretical predictions for two
values of flow are shown in Fig. 5.18. In addition, the
experimental results taken at three values of fiow are
shown. These experiments were carried out with V. and Vo
set to zero. Care was taken to ensure no elect ostatic
effects by discharging both the particles and fibrous media
with alpha radiation.

The results of this experiment show several inter-
esting points:

a) The experimental efficiencies are considerably
below those predicted by theory although the general form
is confirmed ie: efficiency increases with size and flow.

b) The experimental results with this geometry show
little or no collection for particles below approximately
1.0 um.

At least two factors are probably involved in the discrep-
ancy between theory and experiment. The first concerns the

probable uncertainty in particle size discrimination which

. Another is related to the

N
N

was mentioned in section 5.

possible change in the effective fiber diameter in the media
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due fo~ccm93ction’and clumping of the fibers. This possibil-
ity would not be accounted for in the method used for
establishing the effective collection area and since the
impaction parameter varies inversely with the fiber diameter,
an increase in this would adversely affect the ceollection.

In addition it will be recalled that the mechanical collection
parameters were based upon single fibers whereas, in a bed
such as this, interference effects will no doubt occur.

In any case, it can be seen that the mechanical effect is

a relatively minor force camponent for this size range but
would have added importance for larger particles.

I1) Image Force

The theoretical prediction for the collection due
to the image force was obtained from equation 3 - 17 and
is given by the curve in the upper right-hand corner of
Fig. 5.20. Note that no collection should occur due to
this effect for particles below about 1.0 ym diameter for
the conditions studied.

Experiments to determine any image effects were
carried out using 0.7 mA corona current and the repeller
voltage set at zero. After correction for the collection
in the 1lst stage, the resulting leakages were compared
with the results of Fig. 5.18 in an attempt to determine

any difference. However, no consistent experimental

s e T e e e



155

evidence was found to indicate any contribution due to

image forces. (It was found in some cases that unless the .

»yiskonaire® was completely discharged before each.tesﬁfr

measurable efficiencies could be obtained. Howevér, this

was due to the fields within the fibrous bed and was’really:?

due to a coulomb effect.)

III) Dielectrophoretic Force

The prediction of the collection efficiency due to
this effect is given for twc values of field on Fig. 5.19.
The experiments were carried out with no corona current and
the particles discharged. The results show a discrepancy
with respect to size of the same sort as shown before and
the same reasons were presumed to cause the difference.
Both the theoretical predictions and experimental results
showed that next to the coulomb parameter, this term had

the most effect on collection with small efficiencies

recorded in even the 0.3 um size range. (It should be noted,

that even though the particles were discharged, it is
highly probable that some small charges existed on the
particles. Thus, the recorded results, particularly for
the small sizes which show efficiencies higher than pre-
dicted, probably include some coulomb effects as well.)

1v) Coulcmb Force

The theoretical prediction for the collec

efficiency due to the coulomb force is given on Fig. 5.20.
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In addition, the experimental regsults for the collection
due to the coulcmbk component are given for a fixed corona
current and four values of repeller voltage. (Because of
the small values of the other terms, they are neglected
when ccmpared to the coulamb component.}

The results show general agreement with the. theoret-
jcal values. The over prediction at the high values of
efficiency were again presumably due to leakage and re-
entrainment effects which placed a practical limit on the
maximum efficiency it was possible to cbtain. From the
point of view of a practical filter the most important
result shown by this graph was that for the conditions of
flow, corona current etc. used here, very high efficiencies

je: % 99.97% were possible with a repeller voltage of

+20 kV.

C) Collection Parameters in Other Geometries

The results of a series of experiments with different
geometries and conditicns are summarized in Appendix C.*
The measured values of leakage and calculated values for the
exponent in eguation 5 - 17 for the size 0.3 um diameter
are shown on Fig. 5.21.** The predicted value of the ex-
ponent is plotted on the linear axis and the measured
leakage on the log axis with the straight line signifying
*Tncluded in this series are several tests using

the parallel plate rather than concentric cylin-
drical in the collection region.

**plso summarized on this graph are results
already discussed.
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exact correspondence. The calculations were hased upon
certain assumptions and in several cases it was necessary
to use coefficients obtained experimentally from other
tests (in particular the effective particle velocity for

the specific collection area for case E).

[0

cases A and F an
Because of the several approximations which were necessary
in arriving at 2 predicted value, the spread of results is
understandably wide. However, because of the large number
of tests the overall general correlation shown on Fig. 5.21
is believed to be significant and to justify the theoretical
expressions. The general trend to the overprediction at

the higher values of efficiency has been previously mention-
ed and tends to limit the practical upper 1imit for the

efficiencies.

D) Further Tests With vyiskonaire"

Since the syiskonaire" media produced the highest
collection efficiencies some particular experiments were
carried out to study the factors involved in optimizing
the collection. The following general observations were

made.

I) Effect of Number of Layers of wyiskonaire"

Tests were carried out for the case of 1, 2 and 3
layers of “yiskonaire". In each case the thickness of the

filter was kept constant to prevent direct contact with the

:
i
i
i
H
2
!
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repeller electrode and care was taken to ensure the pressure
drop across the cambination of the perforated plate and
filter media was adequate to allow equal air distribution.
The results showed that there was very iittle difference in
the three results with oniy 2 marginal improvement in each
case where an additional layer was used. This appeared to
be due to the packing effect which removed certain fibers
from having any effect on collection. Other experiments
using a grounded cylinder with W2 = 0.72 did show con-
siderable difference between the three cases. However, this
was due to the fact that the air distribution was affected
by the presence of the media with both the two and three
layers giving better air distribution than the single layer.
Therefore, it was concluded that the mnain effect that could
be ascribed to the number of layers of nyviskonaire", was to
equalize the velocity distribution.

I1) Effect of Surface Conductivity of "yiskonaire"

It was speculated that if a semi-conducting surface
was placed on the wyiskonaire" fibers, the field convergence
per fiber should increase and also the collected charges
could slowly leak off to ground. To study this effect
wviskonaire" was obtained from Johnson and Johnson Ltd.
which had been specially treated with small amounts of
carbon added to the surface coating of the fiber providing

surface conductivities cf from lO6 -+ 10 ohm-cm. At

[P P I
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resistivity of 1010 chm~cm no difference could be detected

between the treated surface and the ordinary surface and

the maximum efficiencies were obtained. As the resistivity

was reduced the efficiency decreased and at 106 ohm-cm the

measured efficiency ¥ £ th

of +he same corder as measured 1f no

f
"

ryiskonaire®™ was present at all. In addition for two
tightly wound layers of material the maximum voltage that
could be applied before breakdown occurred in the second
stage was only 12 kV. This effect was presumably due to
the semi-conducting volume excluding the field from the
inside of the material so that only the outer surface was
effective for coliection. Therefore, it was concluded that
for this material no advantage was gained by attempting to
increase the field convergence per fiber.

I1T) Effect of Air Humidity

The short term effects of the humidity of the air
was studied over a range from 2 - 80% R.H. and it was found
that any changes which occurred in the charging oOr collection
mechanisms as a result of the humidity change was completely
negligible. However, on longer term 1ife tests, more
serious problems were encountered which resulted in marked
decreases in efficiency and in several instances, complete
failure of the collecting field. This problem occurred only
at relative humidities greater than approximately 50% and

can be explained in the following manner. At the high
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humidities, some of the water wvapour condenses on the
available surfaces in the collecticn region because the
air moving through the filter cools the surfaces just

enough below the dewpoint for condensaticn to occur. The

th

presence of & wsater makes the surface conductive

A
0
th

hi
e e 32

and hence destroys the field within £iber bed, and in

the
+he worst case provides a discharge path to ground either
through the bed or along the insulating support structure.
This problem pointed out a 1imitation for this type
of precipitator and would tend to preclude its use in
relative humidities in excess of 50%. (Fortunately most
applications which would require air cleaning, would also

be equipped with air conditioning.)

iv) Effect of Voltage Polarity

The results of Fig. 5.10 showed a larger collection
efficiency for negative polarity on the outer electrode.
However, this was found to be of no advantage since life
tests showed efficiency drops after a period of time when
using negative polarity. This was felt to be due to the
positive charge build-up in the ped causing the collection
field to be reduced and hence nullifying any advantage of
using negative polarity. On the other hand, with positive
polarity on the outer electrode, the particle deposition
would only increase the field strength within the bed. This

was confirmed with 1ife tests where it was found that the
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measured efficiencies were higher than for the same test

on the short term. (Another factor possibly affecting

this was felt to be the fact that the measurement accuracy
was improved on the long term tests since the counter could

be purged in a clean environment much longer and also in-

dividual sampling times could be increased.)

=

V) Bffect of Charge Retention

The fact that the charges deposited in the bed had
a relatively slow leakage time* proved to be very important
in practice as they greatly improved the reliability of the
unit. For instance the presence of the charge was found to
give rise to an electric field which remained in the bed

and maintained the coulomb collection force even after the

s o P A e T

power was turned off. As an example, in one case the

filter was operated continuously for 48 hours and had a

measured leakage of 0.001 for 0.3 um diameter particles

from room air. It was switched off and when retested after
48 hours, had a measured leakage of 0.15 on room air with

no charging or collection field applied and 0.02 with
charging field only applied. (This showed that the natural
charges on the dust in room air could have considerable
effect on collection even with no corona power.) As another

example, a life test on a dense aerosol of D.O.P. and cnly

*provided the relative humidity was below
approximately 50%.
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corona power applied, showed very small initial collection
efficiencies, ie: leakage = 0.6. This gradually improved
with time as the charge build-up occurred until a leakage
of 0.004 was achieved. (In comparison, a leakage of 0.0003

- T o ey * e ¥l 1 *r = T e - N
was possible with +20 Xi appliisd to the rapeller.)

vi) Effect of Corona Current

An interesting saturation effect was noted for the

nyiskonaire™ filter when operating close to its maximum

efficiency ie: ¥ 99.9%. Changing the corona current from
0.7 mA to 0.4 mA had no measureable change on the efficiency :
and at 0.2 mA only a minor reduction was noted. This again P
tended to indicate that the maximum efficiency was limited

by a combination of chance effects such as re-entrainment, q.'

small air leaks, and measurement accuracy rather than the

collection process itself.

R R G A ST -5 ]



- CHAPTER 6

" OZONE GENERATION

6.1 Introduction

Three series of tests were carried out in this portion
of the study. The first was directed at establishing a
qguantitative relationship among the main variables involved
in the corona discharge ie: wire size, corona current, and
the air flow. In this series, the discharge electrode
consisted of a wire mounted axially in the inner cylinder
of the corona test section as described in section 4.1.6.
The diameter of this wire -was varied over a size range from

2, g.13x%x 10”2 cm (0.005" -+ 0.032"). To elim-

1.27 x 10~
inate any variation due to the type of material, oxidation
ar4 surface finish, all the tests, except as noted other-
wise, were made with new copper wires which were degreased
before each test.

The second series studied some different wire geo-
metries in an attempt to f£ind a wire which would give low
ozone generation combined with maximum mechanical strength.

Finally, a third series concerned the effect of aging
of the wire on the ozone generation. It is known that the

surface condition of a wire in positive corona is not as im-

portant to the voltage-current relationship as in negative

166
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corona since the positive wire is an acceptor rather than
enitter of electrons. However, scme evidence was shown in
these tests that the surface condition of the wire has great

jmportance in that surface oxidation can cause & ccnsiderable

increase in the rate of ozone formation.

6.2 Ozone Formula*

The most important experimental results in this series
are summarized in Figures 6.1, 6.2, 6.3, and 6.4.

Fig. 6.1 shows typical results for a fixed wire size
giving the ozone concentration as a function of corona current
and air flow. It can be seen that:

(a) a linear relation exists between the ozone

concentration and corona current.

(b) an inverse relation exists between the ozone

concentration and air flow.
As a corollary of these two results one can state that for

fixed conditions:
 §
3}

Fig. 6.2 shows the ozone concentration versus corona

{0 o I

current as a function of wire size. Fig. 6.3 gives the same
information only in terms of ozone concentration versus wire
radius as a function of corona current. These two graphs

show that:

* The material in this section is the subject of a
technical paper entitled "Ozone Generation in Positive
Corona Electrostatic Precipitators" by G.S.P. Castle,
1.1. Inculet, and K.I. Burgess. This paper has been
accepted for publication in the Transactions of the
Industry and General Applications Group of the Institute
of Electrical and Electronics Engineers as paper number
TOD 68-44, EP 68-3.
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(a) a linear relationship exists between ozone con-
centration and corona current for all wire sizes
tested.

(b) for a given current f£low, the ozone concentration
increases as the wire size increases, but the
relationship is not linear.

Finally, Fig. 6.4 gives the ozone concentration versus the
product ¢ = {Eav . al] as a function of current. This preoduct
has the dimensions of a voltage and has been called the
"corona Potential Function®™. In this figure it can be seen
that for a given current flow, the ozone concentration bears
a linear relationship to &.

The results of Fig. 6.1 have been reported by other
investigators (see White & Cole (39)) and are merely con-
firmed in this work. However, the results shown in the other
three Figures are key relationships and together with the
results of Fig. 6.1 lead, by obvious deduction, to the

following formula for ozone concentration.

G ¢ 1
Q

[0,]

_ G[Eav « al] I (6 - 1)

Q

The dimensionless constant G is a fixed reaction constant and
can be determined from the experimental results. Table 6.1

summarizes the results for six different wire sizes and shows
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that the average value of G was 0.22 for the conditions of
temperature, atmospheric pressure and relative humidity

recorded during the experiments.

g

Therefore, equation 6-1 beccmes:

[0,] = 2.2x 107" 5= (P.P.H.M.) (6 = 2)
where
_ 4.5 A4 L .
¢ = a{300 + — } x 10 [see eguation 3-24]
a !
[03]

Equation 6-2 is plotted in the normalizeda form
vs. a in Fig. 6.5. The experimental results shown by ©
were made during the present study in late 1966. As addi-

tional confirmation on the validity of the formula, the

results of Burgess (45) are shown by e on the same graph.

His investigation was a continuation of the work reported

here, and although the test set up he used was the same, it

is significant to note that his corona test section was

larger ie: 7.62 cm dia x 38 cm. long (3.0" dia. x 15.0" long) .
It can be seen from the graph that good agreement is shown
between the formula and the experimental points.

Tt is interesting to compare equation 6-2 which has
been derived from the experimental curves found here, to
equation 3-39 which is based upon experimental evidence with
ozonizers as reported in the literature. Dimensionally the
two equations agree as they both describe the ozone genera-

tion in terms of electrical power. In addition, equation
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3-39 predicts the linear relation with current that is shown
in Figures 6.1 and 6.2 since it has been already pointed out
that V remains constant* as the current increases. Finally,
the form of equation 6-1 allows the functional relation

governing B(a) to be defined as

B{a) = G {dimensionless) (6 - 3)

T

Limitations of Formuilia

The derivation of the formula has neglected any dis-
continuities due to end effects, flaws on the surface of the
wire, or electric field stress points at the outer cylinder
which could give rise to back corona. Since it would be
expected that any of these factors would increase the ozone
production, special care was taken to reduce them in the
corona test section. However, it could be foreseen that in
any practical form of precipitator these factors would play
a more important role than in the ideal experimental case.

Furthermore, only copper wires have been considered
whereas in practice other materials are used. Tests were
carried out using new stainless steel, tungsten and platinum
wires and the results which are plotted on Fig. 6.5 are also
seen to agree with the predictions of the formula.

It is important to note that the formula was based
upon test results taken for wire sizes ranging from 1.27 x

2 2

107¢ » 8.13 x 10" ° cm (.005" - .032") diameter. The larger

* GSee section 3.7.
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size marks the upper limit for wire that would normally be
considered for use in an air cleaning tvpe of precipitator.
Therefore, although there is no reason to suspect that the
formula would not be wvalid at larger wire sizes, there was
no point in extending the range. Two tests were taken at
vire sizes less than 1.27 x 10-2 cm (.005") and as shown in
Pig. 6.5 good agreement is shown with the formula.

Although the formula was based upon experimental work
carried out with a fine wire in a cylinder, it is expected
that it should be equally applicable to a single fine wire
mounted between parallel plates. The reason for this is
that the corona discharge is essentially controlled by the
geometry of the wire rather than that of the outer electrode
and, for comparable wire to electrode spacing, very little
difference in the corona characteristics is found between
the cylindrical and duct geometry (46). In the case of
multiple wires mounted in a duct, account would have to be
taken of the interference effect between wires which would
presumably change the conditions in the ionized sheath as
well as the current flow. Since this geometry is quite
extensively used in practice, it would be useful to confimm
this interpretation through further experiments.

Finally, these results are restricted to new, clean

wires to eliminate any variations due to aging.

P
e R N

e ——LL A
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-

6.3 Effect of Wire Gecmetry

smooth round wires are the most satisfactory gecmetry t
minimize ozone generation in practical electrostatic filters.
Other wire geometries, e€g: sSguars starshaped
etc., have been found to increase corona currents in certain
+hey find scme use in one stage units using negative
corona. However, they usually lead to higher ozone gener-
ation per unit of current. Also it has been mentioned in
section 3.7.2 that for the lowest ozone generat
necessary to use the smailest, practical wire diameter.
(This lower limit is set by mechanical considerations.)

Since the corona characteristics are essentially set
by the outer radius of curvature of the center conductor,
some attempts were made to find a method of creating a small
outer radius of curvature on a relatively larger core which
could provide the mechanical strength. Geometries tested
included fine wires spiralled around dielectric and metallic
cores, bundles of fine wires twisted together, and a commer-=
cially available spiral cut saw blade.

Since the mechanical strength of a given material is
dependent upon its cross-sectional area, a useful criterion
for indicating the relative performance of a given geometry

can be obtained from the following dimensionless ratio:
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T ° Q for test geometry

*
(®)]
oy

or a round wire
having the °qu.val
cross sectional ar

ent

ea

This ratio compares the ozone generating properties of a
given geometry to the ozone generating properties of a

round wire having the equivalent mechanical strength. For
instance, a value of 1.0 would indicate no improvement over
a round wire; a value less than 1.0 would show that the test
geometry would generate less ozone than a single round wire
of the same mechanical strength.

The test results obtained with the twisted*wires'are
shown in Fig. 6.6 (wire radius = 8.9 x 1073 cm (0.0035") ).
For comparison, the theoretical prediction is given for a
wire having a radius of 1.78 X 10”2 cm (0.007"). The results
are tabulated in Table 6.2. Note the values of A which show
that a reduction in the ozone generated per unit cross-
section was achieved by twisting the wires together.

The explanation for this phenomenon is believed to be
related to the electric field strength at the wire surface.
With a single wire, the field is uniformly large arocund the
whole circumference of the wire and hence the ozone formation
can prccede at any point. However, when two wires are twisted

together, the field distribution is changed quite radically.

* The twists had a pitch of approximately
2 cm (0.75").
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For example, no field can exist at the point of contact
between the wires, a reduced field exists at the surface
segment adjacent to the contact point and the field on the -
surface opposite the contact point is relatively unaffected
by the presence of the other wire. Therefore, the effective
surface area which contributes to thé icnization phencmena
is considerapbly less than the total surface area of the wires
whereas the portion which does create the ionization field
nhas an effective radius of curvature close to that of the
single wire. It is particularly interesting to note the
case of the four wires, where the voltage-current character-
istic was almost identical to a single wire having a radius
of 1.78 x 10-2 am (.007") but the ozone production was con=
siderably less than that predicted for the single wire. The
similar voltage-current characteristic must mean that the
number of ionizing collisions less the number of recombin-
ations per unit time was the same for the two cases. (This
phenomenon is governed both by the strength of the electric
field and the volume of space over which the ionization takes
place.) The fact that the ozone generation was less with
the twisted wires than the round wire would appear to be due
to the smaller active surface at which the reaction could
occur. (The ozone formation is governed both by the

strength of the electric field and the active area of wire.)
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Fig. 6.7 and Table 6.2 show additional results obtained
with the other gecmetries tested. In this set the core
radius was 4.06 x 107% cm (0.016%) and the effect of differ-
ent surface conditions was studied. The case of the nicked

wire and the smaller wire spiralied arcund th

hi g ——aa

|-

y

A In
- X

aZxrge
d

produced ozone much in excess of the smooth round wire.

This would indicate that surface discontinuities adversely
affect the ozone generation; presumably by creating local
regions conducive to ozone formation having above average
electric field strengths. However, all the other cases
showed an improvement over the single round wire, with the
spiral saw blade giving exceptional results. It is inter-
esting to note the case of the fine wire spiralled around
the nylon core and the fact that the results are almost
the same as with the wire taken by itself. (ie: the core
being a non-conductor does not cause the field shielding
effect to take place.) However, some problems were encount-
ered with this configuration as the performance degraded
with time. This was presumed to be due to charge build-ups
on the insulating core which affected both the corona
characteristic and the ozone generation.

These results have shown that it is possible toO in-
crease the mechanical strength of a corona wire without
increasing the ozone generation as much as the test results

with round wires would indicate. From the practical point
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of view, it can be seen that none of the geometries tested
produced less ozone than the single wire with radius

-3 . .
6.35 x 10 cm (.0025"). Since the mechanical strength of

+his was adequate for the applications discussed here, no

+

advantage would Dbe gained by using one of these test geometries.

[

However, the results do illustrate the possibility of using
other than round wires, where severe stressing of the corona
wire could occur. In addition, it is possible that a smaiier
scale version of the saw blade or even some other gecmetry
such as a razor edge could produce ozone generation charac-
teristics even less +han the above wire. This was investi-
gated further by Burgess (45) and he did confirm that it was

possible to use a razor edge to obtain even lower ozone gen-

eration characteristics.

6.4 Effect of Wire Aging

The observation that the ozone generation was not
independent of the length of time the wire had been used,
led to some preliminary experiments to check this effect.
Measurements of ozone concentration as a function of time
were made for two wire materials. stainless steel* and plat-
inum and the results are shown in Fig. 6.8. In addition,
the wire was examined under a microscope both before and

after the life test.

* Tegts using tungsten, copper and "advance® wire
showed similar characteristics to the stainless
steel but because of the preliminary nature and
1ack of complete data, the quantitative values

are not given for these materials.
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It was cbserved that the stainless steel, which gave

rigse to the greatest increase in ozone generation
developed a noticeable oxide coating {(very clean air was

used in all these tests, hence dust was not a factor}.

Whereas with the platinum WiZre where the czone generation

initially increased and then appeared to remain constant
with time, no noticeable cxidation could be detected under
the ordinary microscope. Also, it was noted in both cases,

that although the ozone generation changed with time, no

appreciable change in the voltage-current characteristic
occurred. This meant that the increase in ozone generation
could not be explained by the fact that the oxide layer
just increased the effective physical diameter of the wire

-

(ie: this would cause 2 change in the voltage-current

characteristic).

¢
B

From these preliminary measurements it has been con-=

T

cluded that the increase in ozone generation was prcbably
due to the formation of the oxide coating. This agrees
with the interpretation given in sections 3.7.2 and 6.3 of
the probable importance of the surface of the wire as a
catalyst to the reaction, as it would appear that the oxide
coating acts primarily to increase the effective surface
area of the wire.

Stainless steel and tungsten are usually employed in

electrostatic air cleaners because of their strength and the
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fact that they are normally regarded as being highly resis-
tant to oxidation. However, these tests have shown that in
the presence of ozone and the relatively complicated combin-
ation cf factors found in the corona, surface oxidation can

occur. Moreover, in +he corcona, the wire undergoes contin-

ual mechanical vibration which could cause fracturing of
the oxide layer. It would appear to be advantageous to
select a wire material which would form a protective rather
than a porous oxide. Platinum is such a material and the
results appear to confirm this interpretation.

Further study of this phenomenon would seem to be in
order and would be of interest from both the practical and
theoretical point of view. The practical importance con-
cerns the long term performance of air filters. The theo-
retical interest hinges on the fact that the oxidation rate
is much in excess of what would normally be expected from
these materials at room temperature. However, the extreme
complexity of the oxidation process under the conditions

found in the electrical corona would necessitate a separate

study to determine the guantitative effects.
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7.1 Introduction ’ : o R

The previous sections héve’deécribeﬁ’thé tﬁéofetiéélJ;
and experimental studies on'the‘cbﬂcentricrgécmetry precipi-
tator. A prime purpose of the sfudy was to establish design

parameters to allow the prediction of the characteristics

of a practical air filter. The design aims for such a

filter were given in section 2.1. The two main features of
the precipitator discussed here as compared to standard

units were a) the use of electrified collection media and,

b) the cartridge type construction.

The presence of dielectric media acts to increase

&
3

the collection area per unit volume of filter and helps to

ensure high reliability due to the presence of force compon-~

B Sl

ents other than just the coulomb force. In the case of
corona wire breakade, electrical forces could still exist
due to the fact that all natural dusts usually have some
small charges associated with them. Also, the non-uniform
field in the electrified media would still create a dielec-
trophoretic force component. In the case of complete power

failure the electrical forces could still be significant

189
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since it has pbeen shown that the electrified media can

maintain localized charged areas for relatively long periods

of time. In all cases, the mechanical forces can aid the B

collection of the larger particles.

1

The gecmetry of the precipitator allows ready replace-

} okl o i "

ment of the collectors through the use of cartridge type

i

&

elements. This replacement could be performed very quickly

and simply which is an important consideration in servicing

a high efficiency filter. Also, although these cartridges

could be cleaned and reused, it could be envisaged that

with mass production and the use of such materials as

metallized paper and plastics, disposal of these elements

would be feasible.

on the basis of the results of the previous sections,

e units were designed and constructed. For

two prototyp

convenience these are designated as Mark I and Mark I1 _

respectively. The Mark I version involved the usée cf

replaceable cartridge elements pased upon the dimensions of

the experimental test unit described in section 4.1.6.

Higher flow capabilities were achieved by paralleling these

units. Mark II was developed to allow one pasic cartridge

unit to handle 2 larger air flow and improve upon deficien-

cies found in Mark I. Both units were tested in practical

air cleaning situations and at the time of writing, the

Mark II design is being incorporated in the filtration system
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for a test clean room in a hospital.*

-

7.2 Mark I Design

7.2.1 Description

This unit was designed to handle 95 1/s (200 cfm) of
air and consisted of nine replaceable cartridge type elements
mounted in parallel, Figure 7.1 gives photographs showing the
completed unit and some of the construction details.

The repeller section consisted of a grounded outer
casing which enclosed an insulated assembly, consisting of
nine electrified, perforated cylinders which were open at
the inlet end and closed at the outlet. The perforated
cylinders were connected to a +20 kV D.C. voltage source,
and provided the collecting field for the cartridges.

Tapered supports in the center of each cylinder were insulated
from the repeller and provided the centering for the cart-
ridges. In addition, a common high voltage connection term-
inated in a spring contact on +he end of each support. These
points made contact with the contacts on the corona wire of
each cartridge thus providing the energization for the corona
section. The corona wires were self-supporting, and since
they were made from platinum** 1.27 X 10"% cm (0.005%) dia-
meter, were very fragile. Therefore, the wires were mounted
* This room is being constructed on the isolation ward

at Victoria Hospital, L,ondon, to aid in stud;es by

Dr. N.M. Lefcoce on the effects of air contaminants

on patients suffering from acute asthma.

*% platinum wire was used initially on the basis of the

results section 6.4 in an effort to eliminate any
degradation of the ozone generation with age.

B oy, 0L
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MARK 1 PROTOTYPE
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in special stress relieving supports (see Fig. 7.2) and with
this arrangement no wire breakages were experienced through-
out the life of the test. The cartridges were self contained
elements with the corona wire and "Viskonaire® layer an in--
tegral part of the unit.

The inlet section served to center the inlet end of
the cartridges and also provided the ground contact for each
of the cylinders in the corona section. This grounding was
achieved through a pressure contact at a split section of
each centering ring. A prefilter element consisting of one
thickness of "Viskonaire" was mounted in this inlet section.
This prefilter was intended to stop the majority of the par-
ticles larger than 10 um.

The power supply was a self contained unit consisting
of two separate commercial power packs.* These units con-
sisted of transformers with encapsulated rectifiers providing
positive polarity outputs at +20 kV and +12 kV respectively.
Adjustable taps on the input allowed the corona supply to be
set to an operating point of approximately 9.5 kV.

The unit was constructed in the shop in the Faculty

of Engineering Science at the University of Western Ontario.

7.2.2 Test Result

]

Initial problems were encountered due to voltage
breakdowns in the unit. This breakdown took place between
the outer extremes of the repeller section and the grounded

* Universal Voltronics Corp.., Models BPE-16-5.5 and
BPE-22-1.5.
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outer covering. Although this could have been solved simply
by increasing the clearance to ground in any new unit, the
problem was corrected by liberal use of R.T.V. silicone
insulating rubber and acrylic screens between the ground and
repeller. The addition of this material added considerabily
to the weight of the unit, but more importantly, restricted
the air flow thus increasing the pressure drop to relatively
high values. One other problem was caused by air leakages at
several locations in the unit with special grease seals re-
quired at the inlet end to prevent some of the air bypassing
the cartridges. In addition some leakage occurred through

the joints in the outer casing and tape was required at all

these points.

Ozone
The ozone generation of the prototype was measured for
a reduced air flow of 45 1l/s (95 S.C.F.M.) as a function of
total corona current. The results of this test are given in
Fig. 7.3 along with the prediction based upon equation 6-2.
Note that good agreement existed between the formula
and experiment up to approximately 2 mA current. Above this

the ozone concentration tended to increase at a faster rate

[

jeved toc be due to the end effects

(o)

than predicted. This was be
and possibly to local points of back corona which became

important at the higher currents. (The end effects would be
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expected to be more pronounced in the prototype than in the
test set-up since_the wirglﬁgg monnted differently and there

were nine t:.mes the nmber of ends.}

To ensure that‘the ozone concentration dxd not exceed
the accepted zndnstrzal lzmlt of 10 P.P.H.M. 2 minimum
safety factor of two was adooted ie: for a flow of 45 1/s.,
10 p.p.H.M. concentration was allowable since at 95 1/s this
would correspond ‘to approximately 5 p.P.H.M. From the graph
it can be Seen &at’*(:his”mrbe&the maximum allowable

charging current”to

- Jess than 3mA. Therefore, with
this reSﬁriétidﬁ36n“€hé“%bfdﬁ§'éﬁirent, the formuIa-gavé~a‘
reasonably'EIdse;predlctlon G€ the initial ozone generatidﬂ:
in the larger anit. ~ :

L3

Pressure Drop

The pressure drop measurements were made during the
laboratory tests at iwo values of air flow. The results are

given in Table 7.1 below for the unit both before and after
*

modification.
TABLE 7.1
AIR PRESSURE DROP (INCHES OF WATER)
FLOW Before Modification After Mocitfication
(§.C.F.M.) Filter |Filter + Prefiliter|Filter Filcer + pPrefilter
180 .45 .55 .55 .85
300 1.0 1.3 1.35 1.8

* The addition of the insulation to prevent breakdown
in the region between the repeller and the outer
ground.
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These values of pressure drop for the fllter even

before modification were sameWhat hlgher than would be

expected from the test results of sect;on 5.2 1 and appeared

to be due to the close proximity of the fxlter holders

causing additional constriction of the air at the outlet.

Collection Efficiency

Note that unless otherwise specified, all cocllection
efficiencies were based upon measurements in the size range
0.3 uym and larger. Alse, unless specified, all the tests
were performed on room air with total counts in the range
105 » 106 particles/liter (3 x 10% > 3 x 107 particles/feet)

in the size range 0.3 um and larger. ‘!l

1 Initial Lab Test (April 4, 1967)

Operating Conditions

1 = 2.4 mA

c

Vo = 21 kv

Q = 85 1/s (180 S.C.F.M.)

T = 24°C

R.H. =  25%

[0,] = 4 P.P.H.M. )
Measured collection efficiency = 99 .65%

Predicted collection efficiency

from previous test results = 99.94%
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The unit was tested independently at the research
center of Johnson & Johnson Limited, Montreal, Quebec.
{Manufacturers of nyviskonaire®). Their results were com-
municated by A. P. Ruffoc, Research Manager, Industrial 2i
Filters Limited on June 23, 1967. The collection efficiency
tests were made using a Royce particle counter and also by

comparison with a commercial H.E.P.A. filter.

IT Lab Test by Jchnson & Johnson

A) Operating Conditions
As above except:
Q = 95 1/s (200 S.C.F.M.)

T

Room Temperature

R.H. = Not recorded but believed to

be moderate

(6,1 = Not recorded

3
Measured collection efficiency = 99.54%
Measured collection efficiency

99.99%

for H.E.P.A. filter

B) A separate test was performed using outside air
with a R.H. = 100%. This high humidity caused condensation
in the collecting region and resulted in continual arcing.
The unit was air dried for six heocurs and the test continued

with room air.

Measured collection efficiency = 91%
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IITI Second Lab Test (June 12, 1967) After receipt from

Johnson & Johnson
Operating Conditions

As before except:

Measured ccllection efficiency = 98%

Observation: During the life of the test approximately
108 liter (3.5 x 106 ft3) of air was passed through the
filter. It was observed that the collection media was very
dirty only on the bottom half of the cartridges indicating
very little air was flowing through the upper section.

Following this series of tests some modifications were
made to the collecting region. This involved replacing the
"yviskonaire®™ media with an array of flat plate collectors
similar to geometry F as described in Table 5.3. On four of
the cartridges, a single layer of the media was used in addi-
tion to the plates. Also, in an attempt to equalize the air
flow, the last 12 cm of the outer electrode was closed to the
air flow. After this modification, the filter was tested
under the severe field conditions of a zinc foundry (General
Smelting Co., Burlington, Ontario). Here the dust loadings
were so high, the counter could not be used during the seven
day field test. However, collection efficiency measurements

were made in the laboratory before and after the test.
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v Initial Lab Test After Mcdification to Collecting

Region {(aAug

i
|~|
o]
-
’_l
0
(o]
~1
S

tes plus 1 layer "Viskocnaire®
1

Last 12 cm of outside repeller closed to fiow.

Operating Conditions:

Ic = 2.2 mA

Vg = i12.5 kv

Q = 104 1/s (220 S.C.F.M.)
T = 23°C

R.BE. = 21%

(o1 = 6 P.P.H.M.

Pressure drop = 0.6" HZO

Measured collection efficiency = 99.47%
Field Test Operating Conditions:

Length of test = 7 days

Particles = mainly zinc oxide fume

Particle concentration > 108 particles/litre
(3 X 109 particles/feet3)

R.H. = 35 > 60%
T = 19°C - 27°C
v second Lab Test (October 24, 1967)

(After return from General Smelting)
Operating Conditions:

As above except:
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I = 2.0 mA
Q = 95 1/s (200 S.C.F.M.)
F— D D H M
{03} 8 - ed BeASLAe
Pressure drop = ©0.95% (with existing prefilter

0.65" (with new prefilter)

Measured collection efficiency = 99.23%

Observations

The dust build-up indicated that the cartridges were
being utilized for approximately 3/4 of their length and
that the cartridges having both plates and "Viskonaire” had
more dust than those having only the plates. The dust
collection on the plates showed that both electrical and
mechanical impaction forces were operative as pronounced
dust build-ups occurred on the inside surface of the plates
directly opposite the jets whereas evenly distributed dust

was found on the outside surface of the plates.

7.2.3 Discussion of Test Results

The results of the first set of tests have shown
several important points:
a) Initial lab tests at Johnson & Johnson and U.W.O0. showed
good agreement (99.65% cf. 99.54%).
b) The initial collection efficiency for the size range

0.3 uym and larger is approximately 99.6%,somewhat lower
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than the design goal of 99.9%.

c) The collection efficiency of the filter does not compare

too favourably with the H.E.P.A. type filter,
d) The filter did not cperate satisfactorily in high

humidity conditions (100% humidity caused failure of the
unit and even after drying initial efficiencies could
not be regained).

e) The pressure drop of the unit was considerably higher
than desired.

f) The air distribution within the cartridge did not offer
the best possible utilization of filter media.

g) The ozone generation was found tc increase with time due
to dust deposition on the wire.

h) The initial efficiencies of the unit first with
uyiskonaire®™ and then with plate collectors were very
similar. This implied that perhaps a small air leak
through the filter was limiting the total efficiency
since the previous tests indicated that the "Viskonaire®
should have been superior to the plates.

The results just discussed and the experience gained in

building and operating the Mark I precipitator provided some

indication of problems inherent in the design. The most
important shortcomings and the proposed corrections for the

Mark II design are discussed below.
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Cartridge Size

A serious problem concerned the limited air capacity
of each cartridge. This resulted in the necessity of using
a relatively large number in parallel to handle even a
moderate air flow. The resulting housing for these cart-
ridges proved to be very expensive because of tight construc-
tion tolerances required to guard against air leakages. Also
the close proximity of the cartridggs, necessary to make the
unit as compact as possible, resulted in unacceptably high
pressure drops throuch the unit. The large number of
individual cartridges resulted in a difficult maintenance
problem where the probability of a corona wire breakage was
high and the replacement of cartridges rather time consuming.

The obvious answer to all these problems was to en-
large the cartridge elements to allow each to handle a larger

air flow.

Ozone Generation

Although the ozone generation was maintained below
10 P.P.H.M. the margin of safety was not very satisfactory.
For instance, a maximum level of 2 or 3 P.P.H.M. would be
more desirable and in some cases would be essential (eg:
hospital clean room). Since the ozone generation was found
to be proportional to toctal corona current (eguation 6-1),

whereas the degree of particle charging was proportional to
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the square root of the linear current density (equations
3-28 and 3-30), it would follow that a reduction in the
length of the corona wire could lead to lower ozone genera-

ticn withcout reducing particle charging. This cculd again

long to provide adequate charging and that the reduced ion
density resulting from the larger diameter does not sericusly
affect the diffusion charging process.) A further point con-
cerned the use of platinum for the corona wire. It was shown
that in practice the increase in the ozone generation occurred
primarily due to the presence of dust on the wire. Hence no
advantage was gained by using platinum and stainless steel

or tungsten wire could be used to advantage because of their
superior mechanical properties. (This change in ozone
generation due to the dust would increase the feasibility of
emploving disposable cartridges where both the corona section

and collection section could be made as a single unit.)

Failures Due to High Humidity Conditions

The arcing under conditions of high humidity was caused
by surface conduction paths forming due to condensation. on
the insulating supports of the outer electrode. (The

electrified media had sufficient clearance from the H.V.
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semi-conducting due to condensation, the probability of
breakdown occurring here was much smaller).-

This is a problem characteristic of electrostatic
precipitators and the. first solution would be to ensure th
the filter was not used in:-high humidities (the lab tests
indicated that for below 50% R.H. no condensation effects
were noticeable). However, to guard against this problem as
much as possible it would be desirable tc mount the outer
electrode such that the possible discharge paths were length-
ened and the contact points between the electrodes and
supports protected from the direct air flow. (Surface con-
densation would“be more- Yikely to occur on surfaces where
the moving:air“ébuia”éiﬁé rise to a slight temperature

reduction.) = T T

Power Supply

The geometrical ratios which were employed in the
Mark I unit were such that it was impossible to use the same
power supply for both the corona and repeller supplies and
still provide adequate field strength in the collection region.
By changing the cartridge size it was possible to design the
unit so that the same supply could be used in parallel for
both stages thus saving the cost of one transformer -

rectifier set.
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Non-Uniform Flow

The inefficient utilization of the collection media
was felt to be due to added flow constrictions resulting
from the filter housing. Thus even though the pressure
drop through the *Viskonaire® resulted in egualized flow in
the second stage for a single cartridge, the close proximity
of the array changed the flcw distributicn T eld
this problem it should be sufficient to allow greater spacing

between the cartridges and the housing.

7.3 Mark II Design

7.3.1 Description

Based upon the points raised in the last section, a
new cartridge was designed to handle 110 1/s (235 S.C.F.M.).
The dimensions and construction details of the unit are
shown in Fig. 7.4.

The inlet dimensions were scaled up from the test unit
but the length was set at 0.71 m (28") to ensure ease of
handling. The repeller to ground plate spacing was main-
tained as in Mark I so that +20 kV would provide adequate
collection field. The larger cylinder diameter combined with
2 corona wire diameter of 1.6 x 1072 cm (0.0063") enabled
the same voltage to be used for the corcna supply.

The unit was designed to o€ mounted in a vertical

position. This allowed positive sealing at the inlet end
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FIGURE 7.4
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using a commercial C¢ ring held in place by the weight of the
cartridge. (As a safety precaution, to guard against possible
movement etc., four bolts were used to secure the cartridge
in place.) This arrangement removed any lateral stress from
the repeller electrodes and allowed a simple suspension of
the corona wire. The wire was connected to a metal baill
which rested in a yocke connected to the H.V. supply. Thnis
connection was protected from the direct air flow by a di-
electric cap designed to prevent the accumulation of dust at
this point. The corona wire was weighted with a smooth metal
plumb bob which made contact with an electrode enclosed in
an acrylic sheath. The purpose of the sheath was to prevent
vibration of the corona wire while maintaining a "dead air"
space around the bob and a long discharge path to ground.

The electrode was included in an attempt to utilize the lower
portion of the first stage for collection purposes due to the
presence of a static electric field. (Since no corona was
present in this section, vyiskonaire" could be placed to aid
the collection process.)

The outer grounded electrode*acted both to serve as a
protective shield for the repeller electrode and to provide
some additional collection area as a back-up to the main
collection area. The mounting arrangement for the repeller
electrode also provided a long discharge path to ground while

maintaining a “"dead air" space at the contact between the

*Shown on Fig. 7.5 as the perforated grounded
screen. This electrode was mounted permanently
in the duct.
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electrode and the dielectric mounting cylinder. This

mounting arrangement also ensured that nc air could bypass

the influence of the electric field.

The ccmplete filter is shown in Fig. 7.5 and is

"

intended to handle 472 1/s

T Aann o
VWY w

L)
[

-
a

r.M.}. Por use in the
clean room application it will be used in conjunction with a
prefiiter, an activated charcoal filter and a H.E.P.A. type
absclute filter. Before construction was started on the
complete filter, one cartridge was constructed and tested.
(Note that this one cartridge had the same capacity as the
Mark I filter and therefore the performance of this can be
directly compared tc the previous results.) At the time of

writing the complete filter is undergoing construction in

the shop of the Faculty of Engineering Science.

7.3.2 Test Results

The cartridge was tested in a circular air duct using
room air forced through by an impeller. It was mounted
through a circular flange which was tightly sealed to the
wall of the duct. All collection efficiency measurements
were based upon total mode counts 0.3 um and larger. Due to
some construction changes the repeller electrode was mounted
differently than shown in Fig. 7.4. Due to the temporary
nature of the mounting (dielectric spacers) the full designp

voltage of +20 kV could not be attained without intermittent




211

FIGURE 7.5
COMPLETE MARK II FILTER
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preakdowns. Hence all efficiency tests were made at the

reduced voltage of +15 kV and should be considered as con-

servative figures.

gzone

The ozone ccncentration was tested under the following
conditions with a stainless steel corona wire of diameter

1.6 x 10”2 cm (0.0063").

Q = 100 1/s (210 S.C.F.M.)
I = 0.28 mA

Vc = 20 kV

T = 23°C

R.H. = 29%

(031 = 2 P.P.H.M.

Based upon these values equation 6-2 gave a predicted
concentration of 0.4 p.P.H.M. This is considerably below
the measured value. However, it was £sund that if the corona
current was increased to 0.6 ma, the measured value remained
at 2 P.P.H.M. This discrepancy was believed to be due to
the fact that the reading was Jjust at the threshold of
sensitivity of the ozone meter and the normal reading error
was + 1 P.P.H.M. In addition, at these low levels, the

normal background concentration of ozone due to ultra-violet

adiation from the sun could account for some of the error.
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Pressure Drop

With three layers of “Viskonaire® in the collection

region the pressure drop at rated flow was 0.15% HZO

increasing to 0.35" at 2003 rated flow. This does not in-
clude any mutual effects due toO mounting cartridges in

parallel but does indicate satisfactory performance for the

cartridge.

Collection Efficiency

1,ab Life Test dJanuary 23 -+ 31, 1969

Operating Conditions:

I = 0.29 mAa
c
v = +20 kV
c
= x
Vg +15 kV
Q = 100 1/s (210 S.C.F.M.)
T = 22° - 26° C
R.H. = 9 - 30%
(0,1 2 P.P,H.M.
Measured collection efficiency at start = 99.,92%
Measured collection efficiency at end of 1 week = 99.87%
Observations

visual inspection of the dust pattern on the media
showed that the full length of the collection area was
being utilized.

* 5 kV less than design value.
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7.3.3 Discussion of Results

\1though the final f£ilter has not been tested at the
time of writing, it would appear from the test results on
the single cartridge that the design specifications and the

resulting advantages set out in section 2.1 should be sat-

-—

isfied and were obtained at 75% of the design repeller
voltage. The ozone generation was weil witnin the allowable

concentration and a considerable safety margin existed in
case of degradation due to dust build-up etc. The pressure
drop was lower in this large scale cartridge than in the
smaller version and even allowing for scme increase in the
final filter, the total drop should noct exceed 0,25" HZQ'
The cartridge was not tested at high humidities. However,
the clean room has a controlled humidity of approximately
45% R.H. and no difficulties should be experiénced due to
this.

The construction of the cartridge was very simple and
although initially maintenance will be performed by replac-
ing the nyiskonaire" and cleaning the grounded cylinder and
corocna wire, complete replacement and disposai would be
possible on other than a prototype basis. The cartridge
elements are self contained (other than for an external
power supply) and could readily be placed in existing verti-

cal duct lines simply by adding a mounting flange.
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8.1 Summary

The detailed conclusions and implications of the
results have been discussed in the particular section in
which they arose. The following describes scme of the most
significant points.

A different approach was presented for the analysis
of the collection efficiency of an electrostatic precipitator
in which the concept of migration velocity was replaced
with a dimensionless collection parameter. This parameter
described the force balance acting on a particle and, when
multiplied by another dimensionless parameter called the
specific collection area, completely specified the value of
the exponent in the collection efficiency relation. This
analysis was shown to be equivalent to the standard approach
for the case of the coulcmb force component. However, it
had the added advantage that it could be readily extended to
include collection due to the other electrical and mechanical
forces which could act when electrified media was added to
the second stage. These additional force components were

also defined in terms of collection parameters. For a

215
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particular collector geometry the specific collection area
was constant and the expression for the collection efficiency

was found tc have the general form:

=-A
< .rx

3l

3
"
[
}
M

v
"

where IK represents the sum of the individual collection
force parameters.

The analysis was used to interpret the experimental
resﬁlts in the concentric gecmetry precipitator. Aside from
the divergence found for the particles in the larger size
range, the results for the collection efficiency in the first
stage showed good agreement with the theoretical predictions.
It is interesting that for collection in the first stage,
no significant change in collection efficiency could be
detected for the range of solidity ratios tested. It was
obvious however, that as the collection area was reduced,
problems of dust build-up and re-entrainment would become
more important as collection proceeded. Collection in the
second stage could be made highly efficient but due to the
minimal increase in collection area provided by this stage,
it did not offer a very practical filter. 1In spite of the
marked change of the geomeiry in the second stage from the
normal type of precipitator, the experimental results con-

firmed the exponential form of the relation as predicted by
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the theory.

As was expected, the introduction of additional
collection area into the second stage improved the collection
efficiencies as well as producing a more practical arrange-
ment. The theoretical analysis extended to the case of a
fibrous media collector was also found tc give satisfactory
predictions over the broad range of the collectors studied.
It was shown that the presence of the dielectric collection
- media, particularly the "vViskonaire®, improved the perform-
ance of the filter in ways other than just by increasing the
available collection area. For although the coulamb force
was shown to be the most important collection force in all
the cases where it was present, significant contributions
were possible from the dielectrophoretic force and the
mechanical forces, particularly in the larger size range.
The image force could not be detected in any of the cases
studied but it no doubt contributed indirectly by reducing
the possibility of particle re-entrainment. An important
advantage for the use of electrified media was the increased
reliability due to charge build up on the distributed col-
lection surface which allowed both coulomb and dielectro-
phoretic forces to act for considerable periods after the
power was shut off.

The section devoted to the ozone generation showed

several significant factors involved in precipitator design.
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The ozone formula provides a guantitative relation which
predicts the initial amount of ozone generated by a positive
corona discharge between a smooth round wire and a coaxial
cylinder. This formula uses 2 Gimensionless reaction con-
stant multiplying the following design parameters of an
electrostatic precipitator: the total corona current, the
product of the average electric field in the corona sheath
with the wire radius ("corona potential function®) and the
inverse of the total air flow. For a clean wire in air at
constant pressure, temperature and humidity, the dimension-
less constant can be used for all values and combinations of
the above design parameters encountered in practice.

The study on the effect of wire geometry showed that
it was possible to generate low ozone concentrations with
geometries other than smooth round wires. Moreover, these
wires could be made mechanically much stronger than an
equivalent round wire. In particular, the spiral saw blade
geometry showed a remarkable improvement in ozone generated
per unit cross sectional area although in practice the
improved strength was not required in this application.

The finish and state of oxidation of the surface of
the wire was shown to have a marked influence on ozcne gen-=
eration. Oxidation of the wire surface was found to occur
under conditions found in the discharge. However, it was

found in a practical filter that dust build-up on the corona
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wire was a more important source of increased ozone genera-

tion.
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e study were combined into a practi-

cal form of air filter and two P

H

ototvpe units were construc-

ted. Of these two units, the Mark I version proved to have

several serious limitations which were eliminated in the
Mark II design. The resulting filter is felt to offer a
combination of characteristics which have unique advantages
for certain classes of air cleaning applications. The filter
provides high coliection efficiencies (99.9% for 0.3 um
diameter particles and larger) combined with a moderate
pressure drop. Particle collection takes place in electri-
fied media which provides a large collection capacity and
increases the reliability due to combined electrostatic and
mechanical effects. The construction of the filter is very
simple and is in the form of self contained cartridge type
elements which are easily replaceable and could be either
disposed of or cleaned and reused. Ozone generation is well
below the recommended industrial standard and the replaceable
cartridges have the added advantage that they prevent long
term degradation of the ozone generation due to dust build-

up on the corona wire.

8.2 Recommendations For Future Work

The use of kaolin particles for the majority of the
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collection efficiency tests created some problems in inter-

pretation for the measurements involving size discrimination,

due to the uncertain effects of the

]

PRy S 4 T~ -
arcicaie d;.aazmetq'.

Therefore, further tests could be carried ou

¢

effect of particle size on the collection efficiency at the
larger sizes using mono-disperse spherical particles,

The present work has concentrated mainly upon
"viskonaire®™ media which was the best of the collectors
tested. However, it was shown with the copper wire bed,
that even though the estimated specific collection area was
less than for the "Viskonaire", the measured efficiencies
were comparable. This was thought to be due to the better
utilization of the existing surface since in the construction
of the filter care was taken to align the fibers at right
angles to the flow and electric field. Therefore, it could
be expected that perhaps some other commercially available
material could offer superior collection properties more
economically. For instance, commercial fiberglass filters
are formed with the fibers lying essentially in parallel
planes and it would be interesting to test a series of such
materials to see if perhaps a better collection media could
be found.

Further ozone studies would be of interest from both
the practical and theoretical point of view since the

mechanisms involved in the formation of ozone are not as yet
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completely understood. In particular, a study of the ozone
generation and its relationship to surface finish and oxide
coating would be valuable both toc clarify the rocle played
by the surface as a catalytic reaction site and to help in
the selection of the most suitable material for use in
practical precipitators. In addition, it would be inter-
esting to investigate the form of the relations for negative
corona. Here conditions are perhaps even more complicated
since the wire is an active emitter of electrons. The
results of the tests using different wire gecmetries in-
dicated that a smooth round wire is not necessarily the
optimum shape when wire strength is a problem. Further
investigation of gecmetries which have the general character-
istic of a uniform sharp edge, supported on a core having a
much larger radius of curvature would possibly lead to a
practical improved alternative to the round wire. (Some
preliminary attempts along these lines using band type razor
blades have given ozone generating properties equivalent to
2 wire radius of 4.6 x 107> m (0.0018")) (45).

With regard to future work in the field of practical
air filters, it is felt that with some further development,
the cartridge type unit proposed in section 7.3 could have
commercial possibilities in both the industrial and home
filtration market. Also, further work could be carried out

in introducing dielectric media into the parallel plate type
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of precipitator both for the case of air flow through
perforated plane electrodes or between solid electrodes.
This shouid result in a reduction in the
unit for a given air fiow.

The concentric geometry precipitator could be applied
to other than just the air cleaning situation as discussed
in this thesis. For instance, although the one stage pre-
cipitator is in almost universal use for industrial process
cleaning, there are some particular areas such as collection
of high resistivity dusts, or preagglameration of lcw
resistivity dusts, where two stage precipitators can be used
and where this geometry could offer certain advantages. In
particular, bag houses are in wide use for the collection
of very fine particulates, and have an air flow pattern
similar to the precipitator. By using the bag as the
electrified media and with suitable precharging of the
particulates high efficiencies should be obtainable at lower
pressure drops than are presently experienced.

As another example, WOrk is presently underway in
the Faculty of Engineering Science at U. W. O. aimed at the
development of a practical filter for the solids emission
from automobile exhausts. (The lead content of gasoline 1is
of special interest as it is being exhausted tO the atmos-
phere in steadily increasing quantities.) The marked

physical similarity between the concentric gecmetry
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precipitator and the standard automobile muffler has led
to the incorporation of the two devices into a single unit.
Many other examples probably exist and further study along

these lines would be in order.
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APPENDIX A

Collection Parameters for Cylindrical Ccllectors

Consider an isolated cylindrical collector located in
a uniform £ield E, as shown in Fig. A.l, The radial field

in the vicinity of the cylinder is given by : (23}

2
- R -
where
k! - 1
B = =¥
Ké + 1

The field strength in the © direction is given by:

2
. R
= - A - 2
Ee E, sin 6 (1 8 ;f) ( )
Coulomb Collection Parameter
From equation 3 - 13
3 qgE_C
k = 2.94 x 10° —FE—
c av

o

To calculate the average collection on a cylindrical
collector it is necessary to establish average values for

E and v _.
P o



FIGURE A.1l

FIELD DISTRIBUTION AROUND AN INFINITELY LONG
DIELECTRIC CYLINDER IN A UNIFORM FIELD Eg
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Fraoam A - 1 the electric field strength at the surface

of the collecting fiber will be:

Ep = - EO cos 8(1 + B)

Noting that this field will only aid colliection over
one-half the surface of the fiber (for positively charged

particles this will be the upper half.)

. T
Eo(l+8) t 3

cos 6 46

!
- I
2

|
N
-~
L
©w
~

o

.‘IT | WO o (A - 3)

The average velocity of the particle past the fiber
must be established for each particular case. AaAs a practical
example, when a bed of cylindrical fibers is considered the

average velocity'can be approximated by:

66 = -Iffagf (a - 3a)
where
Wz = the solidity ratio for the bed
vy = mean velocity of particle without the

presence of the fibers.
Also since A - 3 refers to the average collection

field and refers to only one half the total area of the fiber,
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it is convenient to refer this average field to the total

area of the cylinder ie:

Averaged cver whole surface

Therefore eguation 3 - 13 becaomes,

_ , (L + B) g E_C
Kc = 9.35 x 10 (A

a v
o

or from equation 3 - 36

_ 7 £ (a) (1 + B) Er Eo

K, = 1.04 x 10~

— a
v
(s}

5}

6)

(Note E_ in this case refers to the radial field strength

in the corona discharge.)

Dielectrophoretic Collection Parameter

From equation 3 - 19
Fy = v EE) = vy V I|E

Where

But

Qa
9 9 2 2 -
= =) (Er + EG) (A 7)



This describes the total dielectrophoretic force.
However, only the radial component of this force contributes
to the collection process. (The 8 camponent would affect
the aerodynamic force component but on average, over the
whole surface, no net effect would be cbserved.)

The collection force (ie: the radial caomponent)

beccmes:
asi aag

Substituting from equations A - 1 and & - 2 gives

2 2.4
_ 2 2 48R 48°R
Far = YE_ [- cos® 6 (“;§" + 5 )
2 2.4
+ sin? o (2B - 28R, (a - 8)
r r

The closest approach a particle can make to the

cylinder is r = R + a and for R »> a, r ¥ R

to

2

)} + sin® © (% - %-) ]

.

wrn

Considering the whole surface of the cylinder, an

average value will be given by:

2T

1 -
[ Fg ae (A - 9)

&l
I
o
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This gives

2
- 4YE a®
F = - —5

which can be expressed in terms of a collection parameter

where -
g, - .a&c
a P
Substituting for €, and g
_ e (k3 - D s%a%el c
13 Vo Pc

where 35 is an average value of velocity for the particle

moving past the collector.
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This section contains some of the more frequently

used graphical representation of eguations used in the

calculation of the collection parameters.
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FIGURE B.2

CORRECTION FACTOR a AS A FUNCTION
OF PARTICLE SIZE AND RELATIVE PERMITTIVITY

CORRECTION FACTOR a (DIMENSIONLESS)
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FIGURE B.3

PARTICLE SATURATION CHARGE AS A FUNCTION
OF PARTICLE SIZE AND CHARGING FIELD STRENGTH
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FIGURE B.4

RELATION DESCRIBING THE VARIATION OF THE
COULOMB COLLECTION PARAMETER AS A FUNCTION OF PARTICLE
S1ZE AND RELATIVE PERMITTIVITY

(SEE EQUATION 3 - 37D
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APPENDIX C

Summary of Further Experimental Results

The experimental results tabulated in this section
are fram experiments carried out in
aiready presented in section 3.2

All the collecticn efficiencies were measured using
total mode counts for particles 0.15 um diameter and larger.
Since the experimental results for this type of sampling
always agreed very closely with the measured efficiencies
for 0.3 ym diameter, the theoretical predictions were
based upon this size. The experimental results were
based on the average of two tests. The spread of the
results depended upon the magnitude of the leakage but
generally was of the same order as those of section 5.2.

In all cases, only the total leakage for the second
stage is reported. Unless otherwise specified the follow-

ing experimental conditions applied to all the tests:

particles used - kaolin
Humidity - 15% - 25% R.H.
Temperature - 20° - 25°C.

The tests are grouped together by geometry.
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